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In aqueous environments bacteria can occur planktonically in the water phase, or 
associated in biofilms attached to solid surfaces or other phase boundaries. Plankton 
organisms in surface waters provide external surfaces which can be colonized by 
biofilms. Plankton surface can comprise areas up to thousands of km2 in a lake. 
Possible associations of potentially pathogenic bacteria with phyto- and zooplankton 
were observed in a field study in a freshwater environment (Lake Baldeney, Essen, 
Germany) and in laboratory experiments.  
Hygienically relevant microorganisms considered were, bacteria with faecal origin 
(Escherichia coli, coliforms, intestinal enterococci, Clostridium perfringens), an 
obligate human pathogen of faecal origin (Campylobacter spp.), and environmental 
opportunistic bacteria (some coliforms, Pseudomonas aeruginosa, Aeromonas spp., 
Legionella spp.). For all of the investigated hygienically relevant bacteria an 
association with freshwater plankton could clearly be demonstrated, except for 
Campylobacter spp. which was only found in water and Legionella spp. which was 
not detected by culture. The bacterial abundance in all samples was found to be 
higher with plankton than compared to the free water. With the culture-independent 
methods, fluorescence in situ hybridization (FISH) and quantitative polymerase chain 
reaction (qPCR), the organisms P. aeruginosa and Legionella spp. were found in 
significant higher concentrations in water and plankton than with cultural methods. 
This observation indicates that both may occur in a viable but nonculturable (VBNC) 
state. 
In laboratory experiments hygienically relevant bacteria were co-cultivated with 
Daphnia magna in microcosms. To study cladoceran-bacteria associations in detail, it 
was discriminated between carapace-associated and ingested bacteria. 
The organisms P. aeruginosa and A. hydrophila were found more frequently located 
on the carapace of D. magna, whereas most of E. faecalis was located in the gut. 
FISH analysis indicated the possibility of VBNC cells for these organisms in 
association with D. magna. 
The field study as well as laboratory microcosms indicate that there are associations 
and accumulations of pathogenic bacteria, with different characteristics and origins, 
with plankton. Plankton can act as a reservoir and a vector for potentially pathogens 
and may spatially enhance bacterial concentrations up to infectious doses. In case of 





virulence. Plankton-pathogen associations are of relevance considering human 
health in drinking water production and recreational use of the surface water. 
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1.1 Background of this study 
Plankton organisms in surface waters provide large surfaces which can be colonized 
by bacteria, including hygienically relevant organisms. Plankton can act as a hide, a 
nutrient source or as a vector for these pathogens. This has been shown for Vibrio 
spp. and a few other pathogens, but mostly in marine environments. Furthermore, the 
microorganisms can enter the viable but nonculturable (VBNC) state and will not be 
detected with conventional culture methods. The transition of potentially pathogenic 
bacteria into the VBNC state when living in association with freshwater plankton has 
not been considered yet, except for E. faecalis.  
In the present study the associations of pathogenic microorganisms with freshwater 
plankton and with the macrophyte Elodea nuttallii are investigated. Two main 
objectives are taken in consideration, (i) a field study, the examination in a natural 
surface water, Lake Baldeney in Essen/Germany, (ii) the simulation of associations in 
microcosms with selected pathogens and Daphnia magna as a zooplankton model 
organism. 
Hygienically relevant microorganisms considered in this study are ubiquitous in 
surface waters. They belong to the categories of faecal indicator bacteria 
(Escherichia coli, coliforms, intestinal enterococci, Clostridium perfringens), an 
obligate human pathogen of faecal origin (Campylobacter spp.), and environmental 
opportunistic bacteria (e.g. some coliforms, Pseudomonas aeruginosa, Aeromonas 
spp., Legionella spp.). These organisms can originate from urban and agricultural 
run-off, sewage overflow, or dropping of birds. In the picture (Figure 1.1) the objects 
of interest that can be colonized by bacteria, such as phyto- and zooplankton, as well 
as macrophytes, and possibly pathways for hygienically relevant bacteria into the 
lake are illustrated. 
The novelty of the project lies in the fact that the available information about the 
interaction between plankton and hygienically relevant microorganisms in freshwater 
is very scarce. Possible correlations between certain plankton species and the target 
organisms were not investigated, or less is reported unitl now.  
This research will provide in the first place fundamental knowledge about the 
association and interaction of the target organisms with plankton. It offers knowledge 






of these organisms in terms of hygienic safety of recreational waters, aquacultures 
and quality of raw water for drinking water production. 
 
Figure 1.1 Lake Baldeney with possibly pathways of contamination by bacteria with hygienical 
relevance. The objects of interest are phyto-, zooplankton and Elodea nuttallii, which can be colonized 








1.2 Plankton organisms as a habitat for hygienically relevant microorganisms  
In aqueous environments, bacteria generally occur in two distinct states: (i) free-living 
in the water phase (planktonic state) or, more frequently, (ii) in a biofilm that is 
associated with solid surfaces and other phase boundaries. Biofilms are microbial 
conglomerations which are attached to a surface. The biofilm cells are embedded in 
a matrix of self-produced extracellular polymeric substances (EPS) (Donlan, 2002; 
Flemming & Wingender, 2010; Watnick & Kolter, 2000). Microorganisms integrated in 
a biofilm share features of ecological benefits like horizontal gene transfer and 
intercellular communication facilitated by the EPS matrix (Wingender & Flemming, 
2011). Aquatic biofilms can host human pathogens. Pathogenic bacteria are capable 
of initiating biofilm formation (primary colonizers) or becoming incorporated in pre-
established biofilms (secondary colonizers) (Costerton et al., 1987; Declerk, 2010; 
Wingender, 2011). Since biofilm cells are regularly dispersed into the water phase 
(Watnick & Kolter, 2000), the prevalence of hygienically relevant bacteria within 
biofilm communities is an aspect important to consider when assessing water-
associated health risks. 
Bacteria in aquatic environments have expanded their habitats by exploitation of 
organic matter like particles or aggregates such as phyto- and zooplankton. Plankton 
in surface waters provide large solid-liquid interfaces which can be colonized by 
biofilm-forming bacteria (Bidle & Fletcher, 1995). Plankton organisms can basically 
be subdivided into bacterioplankton (mainly heterotrophic prokaryotes), 
phytoplankton (cyanobacteria and eukaryotes) and zooplankton (eukaryotic 
unicellular and pluricellular organisms) (Dussart, 1965).  
As an example, the volume of the zooplankton organism Daphnia magna is 5.6 x 107 
µm3 (surface area: 2.1 x 109 µm2) and for the diatom species Fragilaria capucina it 
accounts 84.3 µm3 (surface area: 161 µm2). 
To understand physiological adaptations and population dynamics of aquatic bacteria 
the key is to consider their alternate lifestyle between free-living and surface-
associated (Figure 1.2). It became obvious that aquatic bacteria are often motile and 
concentrate at nutrient hotspots and interactions between bacteria and higher 
organisms show that they use bacterial motility and are controlled by chemotaxis 























Bacterium-plankton associations are considered a widespread phenomenon and 
have been studied for a long time (Carli et al., 1993; Huq et al., 1983; Huq et al., 
1984; Maugeri et al., 2004). Previous studies mainly focusing on marine 
environments have revealed interactions of bacteria with phytoplankton such as 
diatoms (Plough & Grossart, 2000) and zooplankton such as small crustaceans and 
copepods (Huq et al., 1983, Huq et al., 1984, Lipp et al., 2002). Epibiotic bacteria can 
survive longer than free forms, the biotic surfaces represent nutrient sources for 
certain microorganisms favouring their attachment and biofilm development (Maugeri 
et al., 2004; Watnick & Kolter, 2000). Plankton-colonizing biofilms can harbor 
pathogens. First investigations have been carried out in marine environments with 
Vibrio species. Huq et al. (2005) found greater numbers of vibrios associated with 
zooplankton than in the water column. Chitinolytic bacteria such as Vibrio spp., i.e. V. 
parahaemolyticus or V. cholerae, which produce an active chitinase utilize the 
chitineous exoskeleton of copepods as source of both carbon and nitrogen (Kaneko 
& Colwell, 1975, Yu et al., 1991). The association of V. cholera with zooplankton in 
aquatic environments of Bangladesh was found to be a particular factor of human 
epidemic cholera outbreaks (Islam et al. 2007, Rawlings et al. 2007). In the presence 
of copepods, these bacteria have a competitive advantage when other sources of 
nutrients are scarce (Heidelberg et al., 2002). Vibrio cholerae possesses multiple 
Figure 1.2 Conceptional view on aquatic bacteria and their network. 
(1) Free-living stage; (2) Bacteria associated with microparticles;  
(3) Bacteria clustering around photosynthetic organisms;  
(4) Chemotactic bacteria surrounding an aggregate; (5) Bacteria 






strategies for colonization of both abiotic and biotic surfaces (Mueller et al., 2007) 
and even associations with cyanobacteria enhanced their survival (Islam et al., 1990, 
2004). 
Emblazing the question about the distribution of potentially pathogenic bacteria as 
free living or plankton associated, Møller et al. (2007) found elevated abundance and 
growth rates for bacteria living associated with copepods compared to free living 
bacteria. It may be advantageous for bacteria to stay close or attached to the 
copepods, because copepods produce dissolved organic matter. Exterior bacteria 
can be found near the mouth, between segments or close to the anus (Carman & 
Dobbs, 1997). Electron micrographs of the zooplankton organism Daphnia magna 
during this study revealed large numbers of bacteria located on the surface of the 




The association of hygienically relevant bacteria to marine plankton has been 
acknowledged for various pathogenic species such as Vibrio spp. (e.g. Carli et al., 
1993; Heidelberg et al., 2002; Huq et al., 1983; Maugeri et al., 2004), Campylobacter 
spp. (Maugeri et al., 2004), and Helicobacter pylori (Carbone et al., 2005), and for the 
faecal indicators Escherichia coli (Maugeri et al., 2004) and Enterococcus spp. 
(Maugeri et al., 2004; Signoretto et al., 2004; Signoretto et al., 2005). Amongst 
environmental opportunistic pathogens, Aeromonas spp. has been linked to plankton 
colonization (Maugeri et al., 2004), but no information is available so far about the 
connection of other representatives of this category such as Pseudomonas 
aeruginosa or Legionella spp. to plankton. 
Figure 1.3 Scanning electron micrograph (SEM) of D. magna.  
Left: overview of D. magna. Right: Part of the abdomen of D. magna covered with bacteria. 







In previous studies it was shown that wind, birds, and land animals can help carry 
aquatic bacteria from lake to lake, and that bacteria can spread quickly through a 
particular water mass simply by their extremely rapid growth rates (Hervàs et al., 
2009; van der Gucht et al., 2007). Earlier studies also show that bacteria can move 
downward with the larger, heavier particles of organic detritus that constantly rain 
upon the seabed (Simon et al., 2002; Turley & Mackie, 1995). If bacteria travel with 
zooplankton species that migrate from the depths to the surface, they can overcome 
huge distances, either vertically or horizontally, expand their habitat and are 
transported to favourable feeding areas within their journey. Their idea requires that 
bacteria not only attach to the upwardly migrating zooplankton, but that they later 
detach into the free water again. This is of high ecological importance in habitats 
where spatio-temporal changes may occur rapidly (Grossart 2010). Free-living and 
particle-associated bacterial communities should not be perceived as separate 
entities, but rather as interacting assemblages. There is an active exchange of 
bacteria between plankton organisms and the surrounding water (Hansen & Bech, 
1996; Riemann & Winding, 2005), the bacteria actively attach to the phyto- or 
zooplankton surface (Simon et al., 2002), they may enter their gut via ingestion by 
the zooplankton and are released together with gut flora by defecation or are egested 
unharmed (Tang 2005). Since copepods are the main dietary constitutens of many 
marine carnivores, including fish, bacterial attachment to the copepod integument 
can contribute to the transfer of pathogens through the food chain (Dumontet et al., 
1996). 
Algal exudates are important nutrient sources for heterotrophic bacteria in aquatic 
environments. Their cellular products can promote growth of indicator organisms, and 
there is potential for pathogenic bacteria to persist and grow on these algae 
(Byappanahalli et al. 2003; Kaplan & Bott, 1989). Reche et al. (1997) found out that 
algae and bacteria can balance grazing losses by compensatory growth. High 
masses of zooplankton stimulated bacterial growth, whereas release of organic 
carbon by phytoplankton declined. The algal decrease of organic carbon supply for 
bacteria could affect the balance and lead to a change from competition to 
commensalism. 
 Growth of bacteria on algal aggregates enhanced bacterial abundance and activities 
and even changed the composition of the free-living communities in the surrounding 






enhance bacterial concentration, increase the possibility for humans to be exposed to 
infectious doses and therefore pose a health concern (Omar et al. 2002). 
 
1.2.1 Biology and ecology of Daphnia magna 
In this study the zooplankton organism Daphnia magna was used to investigate 
associations with hygienically relevant mircroorganisms. It is a well-established 
model species and has been used in biological research for ecotoxicology, ecology 
and evolution studies since the 18th century (Ebert, 2008; Lampert, 2011; Routtu et 
al., 2010; Schaffer 1755). D. magna is a planktonic freshwater crustacean, a member 
of the Phyllopoda (Branchiopoda) and within the branchiopods they belong to the 
Cladocera. It is an ecologically important species in freshwater environments as a 
key grazer of algae and also being preferred as prey for fish (Lampert 2006). D. 
magna is a relatively large species (up to 5 mm) it is widespread in the northern 
hemisphere and easy to maintain in laboratories. Daphnia populations in their natural 
environment can be found, in lakes or ponds and are often one of the dominant 
zooplankton organisms. The density of the populations vary strongly throughout the 
seasons. Density peaks can be observed two or three times per year and especially 
in the cold or dry season it is possible that they disappear entirely. In the early 
season there is rapid population increase by recruitment from resting eggs and/or 
surviving females. A peak in Daphnia density occurs often after a peak in algae 
density and results in the clear-water phase in which Daphnia have removed most of 
the phytoplankton out of the water (Ebert 2005). 
Daphnia are key herbivors in many freshwater ecosystems and efficiently consume 
heterotrophic bacteria (Brendelberger at al., 1991; De Mott 1986; Gophen & Geller, 
1984). Porter et al. (1983) calculated filtering rates of D. magna with approximately 
2.77 mL per individual and hour. They found that filtering rates of cladocerans 
increase with increasing body size. Also the filter efficiency is enhanced by the 
presence of larger particles, bacteria can be associated to larger particles and 
therefore be more easily collected by filtering appendages (Porter et al., 1983). 
The body is an uncalcified shell called carapace, which mainly consists of chitin 
(Ebert 2005). 
The English name for Daphnia, waterflea comes from the jumping-like behavior. This 
behavior originates from the beating of their antennae, which they use for swimming. 
Daphnia are filter feeders, feeding on small suspended particles in the water. With 






filtering apparatus. Usually the food is made up of planktonic algae, but also bacteria 
can be collected. Green algae are the best food e.g. Scenedesmus or 
Chlamydomonas and therefore mainly used in laboratory experiments. (Ebert 2005). 
The life cycle of Daphnia is characterized by an asexual mode (apomixes) whereas a 
female produces a clutch of parthenogenetic (amictic) eggs. These eggs are placed 











The embryos hatch from eggs within 1 day but remain in the brood chamber for 
further development for almost 3 days until they are released from the mother by 
ventral flexion of the post-abdomen. The juvenile Daphnia look more or less than the 
adult, but have not yet a developed brood chamber. Before a juvenile becomes 
primipare, i.e. produces eggs for the first time it takes around 5 – 10 days (at 20°C). 
Until their death an adult female Daphnia produces eggs every 3 – 4 days. Under 
laboratory conditions may live for more than 2 months (Ebert 2005).  
  
Figure 1.4 Lightmicroscopic picture of D. magna. 
The gut filled with algae and the eggs located in the  
brood chamber. (Source: Miriam Tewes, Biofilm 






1.2.2 Appearance and abundance of the macrophyte Elodea nuttallii 
The investigation of macrophytes was initially not intended within this study but due 
to the massive growth of the waterweed Elodea nuttallii in the year 2009, it provided 
another objective for the investigation of associations with hygienically relevant 
microorganisms. In literature there is less reported about macrophyte-pathogen 
associations in freshwaters yet. 
Macrophytes are ubiquitous in freshwater environments. They excrete metabolites 
which can act as nutrient source for epiphytic bacteria. These bacteria can form 
biofilms on the plants´surface and use it as a habitat or a hide. In freshwater and 
marine habitats there are often associations of bacteria of the Cytophaga-
Flavobacteria-Bacteriodetes group and Alpha- and Betaproteobacteria described 
(Eiler et al., 2004; Riemann et al., 2000; Sapp et al., 2007). There are investigations 
about heterotrophic biofilms on plants in freshwater (Hempel et al., 2008) but there is 
no information about the association of macrophyta with hygienically relevant 
bacteria. 
In the catchment area of the Ruhr, especially in the reservoirs like Lake Baldeney, an 
invasive proliferation and massive growth of the neophyte Elodea nuttallii could be 
observed within the last years. Disregarding from the fact that the massive growth 
poses a problem for recreational use of the surface waters, e.g. for sailing or motor 
boats, the plant surface presents an attachment side for pathogens.  
The macrophyte Elodea nuttallii is a species of waterweed which is a perennial 
aquatic plant with a thin branching stem and narrow recurved leaves. Stalks of the 
water plant are disseminated by abscising and floating until they anchor to the 
ground. The species can grow in oligotrophic as well as polytrophic surface waters 
and has a slender demand of light (Vöge 1995). Elodea nuttallii is native in North 
America and was found in Europe for the first time in 1939. Nowadays the waterweed 
is widespread and can be found in all dams of the catchment area of the river Ruhr, 
e.g. Lake Hengstey, Lake Harkort and Lake Baldeney. In the year 2000 the first 
comprehensive massive proliferation of the neophyte was noticed in Lake Harkort 






Figure 1.5 Massive growth of Elodea nuttallii. 
Massive growth at Lake Harkort in 2004 (left) (Ruhrverband 2009); Elodea nuttallii (right) (J. Wingender, 
Biofilm Centre, University Duisburg-Essen) 
 
The change of a phytoplankton-dominated to a macrophyte-dominated surface water 
is the result of the reduction of ortho-phosphate concentrations by extension of 
sewage water plants (Scheffer et al., 1993; Scheffer 1989; Scheffer 1998). In contrast 
to other macrophytes Elodea nuttallii has physiological advantages, they start already 
to be in bud at 4 °C and can take up nutrients, e. g. phosphate either with their leaves 
as well as their roots. Furthermore they can exist with low concentrations of 
phosphorus (0.2 % of the dry weight) (Garbey et al., 2004; Simpson 1990). In view of 
the water ecology the macrophytes have a positive effect for zooplankton organisms, 







1.3 Bacteria in the viable but non-culturable state 
Biofilms in water systems act as a reservoir for hygienically relevant microorganisms 
and serve as a source for contamination of water by the release of pathogens. 
Significant numbers of pathogens can be found in environmental reservoirs, therefore 
it is important to assess their viability status to determine whether they pose a risk to 
public health. A review article of Keer & Birch (2003) provides a suitable overview of 
molecular methods for the assessment of bacterial viability.  
Bacteria in the viable but non-culturable (VBNC) state fail to grow on routine culture 
media on which they would normally grow, although they are still alive and show 
metabolic activity. This phenomenon is described for numerous microorganisms (Mc 
Kay, 1992; Oliver 2005, 2009, 2010) including pathogens considered in this project, 
e.g. A. hydrophila (Mary et al., 2002), P. aeruginosa (Kimata et al., 2004), L. 
pneumophila (Steinert et al., 1997), E. coli, E. faecalis (Signoretto et al., 2004, 2005), 
C. jejuni, C. coli (Rollins and Colwell, 1986). Cells enter the VBNC state as a 
response to a variety of environmental stresses like starvation, osmotic stress, 
temperature variations, shifts in oxygen concentration or exposure to biocides or toxic 
metal ions (Oliver, 2005). Therefore the transformation into the VBNC state is 
considered to be a survival strategy and it has to include the capability to increase 
metabolic activity and to regain culturability (Whiteside and Oliver, 1997). 
Pathogens, e.g. V. cholera and Aeromonas spp., were found attached to plankton in 
the viable but nonculturable state in a freshwater environment in India (Shukla et al., 
1995). VBNC V. cholerae O1 were also found in marine environments of Argentina, 
where they were associated with phyto- and zooplankton (Binzstein et al., 2004). In 
the harbor of Naples in Italy Dumontet et al. (2000) found Vibrio spp. and A. caviae in 
the VBNC state adhering to copepods. The detection of E. faecalis in both lake water 
(Lake Garda) and sea water (Adriatic Sea) showed the organism mostly bound to 
plankton and that adhesion to copepods accelerated the entry into the VBNC state 
(Signoretto et al., 2005). 
In this study it has to be investigated whether bacteria, particularly opportunistic 
pathogens, pass into the VBNC state, when they are associated with plankton in a 
freshwater environment. This phenomenon should furthermore be proved in batch 
cultures where pathogens are co-cultivated with plankton organisms. There is the aim 
to find out, if the VBNC state is induced when bacteria live attached to the outer 
surface of the zooplankton organism, or when they were ingested and are released 






If human pathogens like A. hydrophila, or E. faecalis enter into a state in which they 
are no longer detectable with cultural methods they present a public health concern, 
because it has been demonstrated that these bacteria, remain viable, conserve their 
pathogenic characteristics and are able to resume growth again (Kell et al., 1998; 
Oliver 2000; Pruzzo et al., 2002). Thus determination of pathogens on the basis of 
culture methods alone are expected to be unreliable in order to establish the load of 
hygienically relevant bacteria in environmental waters. 
The transition from a culturable into a non-culturable state can provoke morphological 
and physiological changes in the bacteria, like a reduced cell size, modified cell 
membrane compositions or reduced respiration rates. But generally VBNC bacteria 
maintain some viability markers, e.g. integrity of cytoplasmic membrane, respiratory 
activity or the presence of ribosomes (Lleó et al. 2000; Oliver, 2009). The detection of 
bacteria in the VBNC state can be improved if the standard culture-based methods 
are combined with molecular methods (Grobe et al. 2010; Keer & Birch, 2003). 
 
Table 1.1 Overview of approaches and methods used for the assessment of bacterial viability 
(adapted from Keer & Birch, 2003) 
 Methods Literature 
Presence of 
nucleic acids 
DNA (real-time) PCR Behets et al., 2007 
mRNA RT-PCR 
NASBA 
Birch et al., 2001 
Chan & Fox, 1999 
Maher et al., 2001 
rRNA FISH, 
PNA-FISH 
Bottari et al., 2006 
Moter & Göbel, 2000 
Metabolic 
activity 
Respiratory activity CTC assay Nwoguh et al., 1995 
Rodriguez et al., 1992 
Enzymatic activity FDA, CFDA Ziglio et al., 2002 
Cell elongation Direct viable count (DVC) Kalmbach et al., 1997 
Kogure te al., 1979 
Cellular integrity 
Membrane integrity PI, PMA 
SYTO 9, GFP persistence 
Banning et al., 2002 
Nocker et al., 2007 
Respiratory activtiy Rhodamine 123; 
DIBAC4 (3) 
Banning et al., 2002 








To assess metabolic activity of a bacterial cell, preferential in mixed bacterial 
populations, respiration activity can be determined by intracellular hydrolysis of 5-
cyano-2,3-ditolyl tetrazolium chloride (CTC) and detection of CTC-formazan crystals 
with fluorescence microscopy (Rodriguez et al., 1992). To determine enzyme activity, 
fluorogenic esters, like fluorescein diacetate (FDA) and carboxyfluorescein diacetate 
(CFDA) can be used. The analysis of membrane integrity is based on the ability of 
bacterial cells to exclude fluorescent dyes, e.g. propidium iodide (PI) or propidium 
monoazide (PMA) (Nocker et al., 2007). 
For specific detection and quantification of hygienically relevant bacteria such as P. 
aeruginosa or Legionella spp. the molecular methods quantitative real-time PCR 
(qPCR) or fluorescence in situ hybridization (FISH) are preferential and were used in 
this study. Quantitative PCR is a technique based on the exponential in vitro 
amplification of a double-stranded DNA (dsDNA) target sequence from a DNA 
template by a heat-stable polymerase enzyme. The resulting amplification product is 
referred to as the “amplicon”. In contrast to conventional PCR, qPCR employs 
fluorogenic molecules which allow the detection and quantification of the amplicon in 
real-time (Mackay et al., 2007; Shipley 2006). There are primer and probe systems 
available for Legionella spp., L. pneumophila and P. aeruginosa, but PCR methods 
do not give information about the viablility of bacteria (Declerck et al., 2007; 
Wellinghausen et al., 2001; Qin et al., 2003). Due to its high degree of sensitivity, 
qPCR is prone to errors caused by matrix effects. Numerous contaminants may 
interfere and eventually causing partial or total PCR inhibition by matrix compounds 
and may lead to false-negative results. Often, inhibiting substances originate from the 
sample matrix itself as humic acids, polysaccharides (Wilson, 1997), or iron and 
manganese (Wullings & van der Kooij, 2006). This phenomenon was observed in 
analyzing cooling water samples, presumably due to their relatively high matrix 
complexity (Yaradou et al. 2007). Furthermore extracellular DNA or DNA from dead 
cells can lead to an overestimation of VBNC cells, due to false-positive results 
(Lehtola et al., 2007; Wellinghausen et al., 2001). 
The principle of FISH involves the staining of ribosomal RNA by fluorescent dye-
labelled nucleic acid probes. Probes may be general, binding to ribosomes of every 
cell regardless of the domain, or specifically designed to fit to certain species. By 
treating fixed cells with appropriate chemicals, they become permeable and allow 






the 16S rRNA of the cell's ribosomes. FISH allows detection and quantification of 
culturable and non-culturable cells (Madigan et al., 2006; Moter & Göbel, 2000). This 
method has limitations since it is known that the physiological state of bacteria can 
affect the amount of rRNA. A positive FISH signal might not be a direct indicator of 
metabolic activity, because stresses, like starvation or disinfection can degrade rRNA 
over time and lead to a weak or absent fluorescent signal, although the cells might be 
still alive (Bjergbæk & Roslev, 2005; Lehtola et al., 2007). This might lead to a false-
negative result. On the osther side, rRNA is remaining stable for a long time, 
although cells are already dead. Since this would indicate false-positive results, the 
method should not be used to assess the viability of individual cells (Tolker-Nielsen et 
al., 1997, Prescott et al., 1999). 
Is FISH coupled with the method of direct viable count (DVC) it is possible to detect 
the capacity of bacteria to metabolize nutrients. Therefore gyrase inhibitors, like 
pipemidic acid or nalidixic acid, are used to inhibit cell division and provoke cell 
elongation of dividing cells with accumulation of ribosomes.  
Afterwards the FISH method is applied and viable, culturable as well as VBNC cells 
are detected (Regnault et al., 2000; Armisen & Servais, 2004; Piqueres et al., 2006). 
As a recent development, FISH methods using probes made up from peptide nucleic 
acid (PNA) instead of DNA are available. PNAs are uncharged and analogous to 
DNAs but possess 2-aminoethyl-glycinelinkages instead of a phosphodiester 
backbone. This structural change provides resistance to enzymatic cleavage, better 
salt tolerance, and higher thermal stability for the molecule, but nevertheless allows it 
to bind to complementary nucleic acid sequences (Bottari et al., 2006).  
Also, PNA probes can be designed with a shorter length, allowing them to pass the 
cell membrane more easily and the binding to nucleic acids is stronger than that of 
oligonucleotide probes. Comparisons of DNA and PNA probe efficiency for the same 
target site in Legionella have shown that PNA probes surpass comparable DNA 
probes in terms of target specificity and signal intensity, and proved their superiority 
for the detection of legionellae in environmental samples (Wilks & Keevil, 2006). 
Some studies reported long-term persistence of DNA and RNA (Lázaro et al., 1999, 
Lleó et al., 2000), while others have shown evidence for nucleis acid contents to 
gradually decrease in VBNC cells (Weichart et al., 1997). 
To estimate the viability of bacteria it is useful to determine their viability markers, 






(Nocker et al., 2007). Respiration can be detected by intracellular hydrolysis of 5-
cyano-2,3-ditolyl tetrazolium chloride (CTC) (Rodriguez et al. 1992).  
Resuscitation after non-culturability is possible when the environmental conditions 
change or the stress factors are reduced (Kell et al., 1998). The process of 
resuscitation can be enhanced by co-cultivation with protozoa for example L. 
pneumophila regained culturability in association with Acanthamoeba castellani 
(Steinert et al. 1997), or by inoculation of C. jejuni into the yolk sacs of embryonated 
eggs (Cappelier et al., 1999). Signoretto et al. (2004, 2005) found that the 
persistence in aquatic environments for E. faecalis in the VBNC state is warranted by 
the adhesion to copepods. P. aeruginosa which was transformed into the VBNC state 
by copper stress, was resuscitated and regained infectivity to human lung cells by 
use of a copper chelator (Dwidjosiswojo et al., 2011). In the monitoring of viability 
with the current available methods it has to be considered that none of the methods 
is universally appropriate, rather several methods should be used simultaneously or 







1.4 Distribution of hygienically relevant organisms in surface water 
A well documented summary about hygienically relevant organisms in biofilms of 
man made water systems is reported by Dr. Jost Wingender in Biofilm Highlights 
(Flemming et al., 2011). 
The following organisms with hygienical relevance were selected to represent a 
variety of members of three different groups. They are all ubiqutious bacteria in 
aquatic environments with pathogenic properties and originate, for instance, from 
sewage effluents, urban or agricultural run-off and birds. The environmental 
opportunistic pathogens, such as P. aeruginosa, Aeromonas spp. and Legionella 
spp., are of particular relvance in drinking water distribution system, since they are 
known to form biofilms or integrate into pre-existing biofilms. But they are also of 
significance in waters used for recreational purposes. The bacteria of faecal origin 
(coliforms, Escherichia coli, intestinal enterococci and Clostridium perfringens) are 
indicator for a faecal pollution water. Some are inhabtitants of the intestinal tract of 
humans and warm-blooded animals, but they can also be found in natural 
environments, such as soil or surface waters. Their incidence is also considered in 
the EU bathing water directive. Campylobacter spp. represent common human 
enteric obligate pathogens with faecal origin, some species can cause severe 
gastrointestinal diseases. 
 
1.4.1 Environmental pathogens 
1.4.1.1 Pseudomonas aeruginosa 
The Gram-negative, aerobic, non-spore-forming rod-shaped bacterium 
Pseudomonas aeruginosa (Madigan et al., 2006; Stover et al., 2000) is an ubiquitous 
environmental organism, occurring in sediments and soil, in freshwater and marine 
surface waters, on plant and animal tissue, as well as in man-made environments 
such as drinking water distribution and plumbing systems, swimming pool 
environments, hospitals, and wastewater effluents (Hardalo & Edberg, 1997; Khan et 
al., 2007; Pellett et al., 1983; Schwartz et al., 2006; Valentino & Torregrossa, 1995). 
Elevated levels of P. aeruginosa in surface waters are often related to anthropogenic 
alterations of the water body (Pirnay et al., 2005). Kimata et al. (2004) and Khan et 
al. (2007) isolated P. aeruginosa from the open ocean. Its natural occurrence, 
however, rather might be associated with sediments and submerged surfaces, 






(Pellet et al., 1983). Pseudomonas spp. were found in association with marine 
phytoplankton (Berland et al., 1976) and recently with Daphnia (Qi et al., 2009). 
Infections of humans with P. aeruginosa can arise in water bodies that are used for 
recreation purposes (e.g. swimming). The main route is contact of skin or mucous 
tissue with contaminated water, ingestion of water rarely leads to infections. 
Transmitted through wounds that are exposed to contaminated water, P. aeruginosa 
causes bathing-water-associated ear, eye, and skin infections (Grobe et al., 1994; 
Wingender et al., 2009). In technical water systems, P. aeruginosa is capable of 
integrating into pre-existing biofilms or, acting as a primary coloniser, to develop 
biofilms, thus promoting the subsequent incorporation of other species into the biofilm 
(Declerck, 2010; Moritz et al., 2010; Wingender et al., 2009). P. aeruginosa is able to 
form multispecies biofilms together with other microorgansims (Al-Bakri et al., 2004; 
Stewart et al., 1997), often being one of the dominant organisms in this habitat 
(Andersson et al. 2008; Shin et al. 2007)  
P. aeruginosa is an opportunistic human pathogen of high clinical relevance 
(Anaissie et al., 2002; Exner et al., 2007; Reuter et al., 2002; Szewzyk et al., 2000; 
Trautmann et al., 2009), causing a multitude of infections in immuno-compromised 
hosts, such as cancer patients, aids and transplant patients, young children and 
elderly persons, but rarely in healthy people. In hospitals and other medical 
environments, P. aeruginosa accounts for a significant fraction of nosocomial 
infections of burn wounds, the urinary tract, the respiratory system, and the 
bloodstream (Anaissie et al., 2002; Trautmann et al., 2009). In cystic fibrosis patients 
suffering from chronic lung infections, it is a frequent cause of morbidity and mortality 
(Trautmann et al., 2005).  
 
1.4.1.2 Aeromonas spp.  
Aeromonas spp. are widespread in natural habitats and have been isolated from soil, 
fresh and brakish water, sewage and waste water, drinking water and a variety of 
foods (Buchanan & Palumbo et al. 1985; Araujo et al., 1991). Aeromonas hydrophila 
is a Gram-negative, motile, oxidase positive, non-sporeforming facultative anaerob 
bacterium (Joseph & Carnahan, 1994). It is ubiquitous in the water environment, but 
is normally not an inhabitant of the gastrointestinal tract in humans (Messi et al., 
2002). A. hydrophila has been reported to cause in humans both intestinal and 
extraintestinal infections (Galindo et al., 2006; Janda 2001; Vila et al., 2003) including 






septicemia, cellulitis, soft tissue infections, broncho-pulmonary infections and 
occasionally meningitis and peritonitis (Galindo et al., 2006; Hornemann et al., 2007; 
Janda et al., 1988). The most frequent route of infection is direct contact with 
contaminated water (Janda et al., 1991).  
A. hydrophila was found in adhesion to zooplankton, especially in association with 
both dead and live copepods, in case of alive copepods this could allow transport of 
bacteria to other locations (Alfredsson et al., 1995; Dumontet et al., 2000; Krovacek 
et al., 1994; Maugeri et al., 2004). Hazen & Esch (1983) found a positive correlation 
between A. hydrophila and algal blooms in an estuarine habitat influenced by 
fertilizer effluents. Accumulation of bacteria on plankton surfaces can lead to 
consumption of infectious doses by humans (Dumontet et al. 1996; Omar et al., 
2002). Some strains of A. hydrophila produce virulence factors and are capable of 
causing septicemia in fish and amphibians (Krovacek et al., 1993), whereas A. 
salmonicida is a well-known fish pathogen (Austin & Austin 1993). A. hydrophila is 
known to produce a number of potential virulence factors including cytotoxin, 
haemolysin and enterotoxins (Houston et al., 1991; Krovacek et al. 1991; Kühn et al. 
1997; Wadstrom et al., 1976). The wide distribution of the bacterium in different 
aquatic habitats underlines its ability to adapt to environments that differ in nutrient 
supply and presence of other aquatic microorganisms (Messi et al., 2002). 
 
1.4.1.3 Legionella spp.  
Legionellae are Gram-negative, aerobic bacteria which occur rod-shaped or 
filamentous (Declerck, 2010). Over 50 different Legionella species including 
numerous serogroups have been described so far, about half of which are 
considered to be opportunistic human pathogens, causing legionellosis, an infection 
of the respiratory tract that is acquired by inhalation or micro-aspiration of Legionella-
carrying aerosols from contaminated sources, e.g. taps, shower heads, whirlpools, air 
conditioning systems, or fountains. Legionella pneumophila with the predominant 
serogroup 1 is regarded to be the medically most important species amongst 
Legionella (Yu et al., 2002). 
Legionellae ubiquitously inhabit both natural and anthropogenic freshwater 
environments (Fliermans et al., 1981). Natural environments are rarely associated 
with outbreaks of legionellosis, because the lower water temperatures do not support 






Tison et al. (1980) found L. pneumophila serogroup 1 in association with 
cyanobacteria. The bacterium is provided by algal extracellular products which can 
be used as energy source and this maintains the distribution in natural habitats. 
L. pneumophila is also capable to consume and grow on dead bacteria such as 
Pseudomonas putida and Escherichia coli (Temmermann et al., 2006). Moreover, 
they are able to replicate as parasites in biofilm-grazing protozoans such as 
amoebae (Fields et al., 2010; Kuiper et al., 2004; Kuiper et al., 2006; Greub & Raoult, 
2004). Association of L. pneumophila with biofilm communities and amoebae 
provides the bacterium with necessary nutrients and thus, despite its fastidious 
growth requirements, allows it to thrive in oligotrophic environments (Lau & Ashbolt, 
2009; Declerck, 2010; Fields et al., 2010). 
Although legionellae do not produce monospecies biofilms under environmental 
conditions (Declerck, 2010), they readily incorporate into existing biofilms as a 
secondary coloniser where they persist or even multiply (Moritz et al., 2010; Rogers 
et al., 1994). Survival and growth of L. pneumophila depends on their cohabitants, 
several Gram-negative bacteria e.g. Pseudomonas aeruginosa, Pseudomonas 
fluorescens, as well as Aeromonas hydrophila were found to inhibit L. pneumophila 







1.4.2 Bacteria of faecal origin 
1.4.2.1 Coliform bacteria 
To the group of coliform bacteria belong a wide range of aerobic and facultatively 
anaerobic, Gram-negative, non-spore-forming, rod shaped bacteria (Rompré et al., 
2002). Coliforms such as Escherichia, Citrobacter and Enterobacter are common 
inhabitants of the intestinal tract of humans and of warm-blooded animals, but they 
are also heterotrophic and can be found in natural environments such as soil or 
surface waters where they are able to survive or multiply in biofilms even under low-
nutrient and low-temperature conditions (Le Chevallier et al. 1987; Camper et al. 
1996; Leclerc et al., 2001). Coliforms from environmental sources which are adapted 
to oligotrophic conditions are more likely to colonize surfaces and form biofilms in 
water systems than bacteria which are adapted to elevated nutrient levels. Are there 
no autochthonous sessile microorganisms present coliforms are also able to act as 
primary colonizer and form biofilms (Szabo et al., 2006). Coliforms have been used 
as indicator organisms for faecal pollution of drinking water. Some are facultative 
pathogens and can cause e.g. wound infections, pneumonia and septicemia 
(Feuerpfeil et al. 2009). There is no recent knowledge about associations of bacteria 
of the coliform group with plankton organisms in aquatic habitats, except for E. coli. 
 
1.4.2.2 Enterococcus spp. 
Enterococci are Gram-positive, ovoid, non-spore-forming, facultative anaerobic 
bacteria (Fisher & Philips 2009). Their origins can vary from environmental sources 
as well as from humans or animals, as they are part of the microflora in warm-
blooded animals and humans. They have been found associated with soil, plants, 
zooplankton and algae. E. faecalis was found in association with zooplankton 
organisms and is able to persist in the environment for long periods (Signoretto et al. 
2004; Signoretto et al. 2005). E. faecalis can enter the viable but non-culturable 
(VBNC) state as a survival strategy when they are released in fresh or marine water 
environments (Lleò et al., 1998). Mote et al. (2012) found that both E. faecalis and E. 
casseliflavus were able to survive and multiply in plankton suspensions for longer 
times than just in artificial seawater. This implies that Enterococcus spp. may be 
highly associated with plankton or other particles and furthermore they are able to 
survive longer in marine environments than fecal coliforms (Cabelli et al. 1983). The 






concentration of intestinal enterococci of 200 cfu/100 mL (Directive 2006/7/EC). 
Enterococci were found in high densities attached to the green alga Cladophora 
(Byappanahalli et al., 2003) in shoreline waters of Lake Michigan. Plankton may 
serve as a reservoir for enterococci which enhances growth due to nutrient supply 
and persistence of this fecal indicator e.g. by protection from sunlight (Byappanahalli 
et al., 2003; Signoretto et al. 2004; Signoretto et al. 2005). The U.S. Environmental 
Protection Agency (EPA) recommended to use enterococci instead of fecal coliforms 
as indicator organism for fecal pollution (U.S. Environmental Protection Agency, 
1986). And in addition the findings by Mote et al. (2012) imply the effectiveness of 
enterococci as an indicator of water quality, especially in particle-rich aquatic 
habitats.E. faecalis and E. faecium are the most common ones in the human 
gastrointestinal tract (Klein, 2003). They can cause urinary tract infections, wound 
infections endocarditis (Guzmán et al., 1991).  
 
1.4.2.3 Escherichia coli 
E. coli are straight cylindrical rods which are Gram-negative, motile, aerobic and 
facultatively anaerobic (Scheutz & Strockbine, 2005). The organism is commonly 
found in the human intestine but there are also obligate pathogens existing like 
enterotoxigenic and enterohaemorrhagic variants (Nwachuku & Gerba, 2008). 
Association and persistence of E. coli with the green alga Cladophora at Lake 
Michigan was investigated by Whitman et al. (2003). Cladophora harbour high 
densities of E. coli and provides a habitat and nutrients for survival and growth of this 
organism (Byappanahalli et al. 2003; Whitman et al. 2003; Olapade et al., 2006). In 
the presence of protozoa Sibille et al. (1998) observed enhanced elimination of E. 
coli by grazing activity in an experimental distribution system. Mc Mahon & Rigler 
(1965) found that Daphnia are efficiently grazers on E. coli.  
E. coli is able to become incorporated into pre-existing drinking water biofilms, but 
also to form monospecies biofilms (Jones & Bradshaw, 1996; Bridier et al., 2010). It 
is a widely used indicator of fecal contamination but this is contended because of its 
persistence and common occurrence in natural habitats (Whitman et al. 2006). E. coli 
can occur in habitats that are not influenced by sewage inputs. They can survive in 
soil or sand for months and be washed into the water body due to rainfall. Once the 
cells are adsorbed to particulate matter in moist areas they are protected from 






current European guideline for bathing waters uses E. coli enumeration for 
determination of fecal contamination instead of total or fecal coliforms. The 
concentration for a good bathing water quality is 500 cfu E. coli /100 mL (Directive 
2006/7/EC).  
 
1.4.2.4 Clostridium perfringens 
The organism Clostridium perfringens is Gram-positive, anaerobic and is able to form 
endospores. This species produces different soluble substances that cause a variety 
of toxic effects (Rainey et al., 2005). C. perfringens is widespread in the environment 
and found in soil as well as aquatic habitats. The organism can be found in the 
intestine of animals or humans where it can be pathogenic, in humans it is able to 
cause gangrene and gastrointestinal diseases. C. perfringens produces various 
toxins and enzymes which results in lesions of healthy cells and leads to the specific 
symptoms. For epidemiological studies it is important to identify the C. perfringens 
pathovars because each type of toxin induces a certain syndrome (Petit et al., 1999). 
Clostridia play an important role in anoxic organic-rich environments, because they 
degrade via fermentation complex organic materials into acid, alcohols, hydrogen 
and carbon dioxide. Besides fecal coliforms and fecal streptococci the most 
frequently used indicator for fecal pollution in water is C. perfringens. This species is 
consistently present in wastewater at concentrations of 103 to 104 cells per 100 mL. 
Because of its resistance to chlorination and diverse environmental factors, its 
indicator value resembles that of enteric viruses (Fujioka and Shizumura, 1985). C. 
perfringens and its spores had been specified as an indicator parameter of quality of 
water for human consumption in the Directive of the European Community (EC, 
1998). The presence of spores and the ratio between vegetative cells and spores can 
be a potential sensitive indicator for recent fecal pollution by agricultural sources or 
microorganisms entering streams with municipal wastewater (Bisson and Cabelli, 
1979; Lango, 1999; Sørensen et al., 1989). C. perfringens spores can persist in water 
for a long time and are considered as much longer than the persistence of most 
enteropathogenic bacteria (Cabelli et al., 1982). Both vegetative cells and spores are 
used to monitor water treatment process efficiency (Ryzinska-Paier et al., 2011). 
There is no recent knowledge about associations of C. perfringens with plankton 







1.4.3 Human pathogen 
1.4.3.1 Campylobacter spp. 
Campylobacter spp. are fastidious Gram-negative, non-spore-forming, motile, 
microaerophilic, spiral-shaped bacteria (Vandamme & De Ley, 1991; Rowe et al., 
2000). They are of clinical and epidemiological relevance because of enteric food- 
and waterborne disease causing gastrointestinal illness. Point source outbreaks 
involving contaminated raw milk, poultry as well as water are well described, in most 
cases these events are sporadic with no clear source (St. Pierre et al. 2009). 
Campylobacters can form monospecies biofilms (Joshua et al. 2006) and integrate 
into pre-existing mixed-population biofilms, e.g. isolates of C. jejuni and C. coli were 
found to survive in such biofilms (Buswell et al., 1998). There are different 
possibilities for Campylobacter spp. to contaminate environmental water, e.g. 
streams, rivers or lakes because the organism colonizes a variety of hosts like 
domestic animals or wild birds and thus the organism is excreted via the faeces, 
agricultural run-off, or it is discharged from wastewater treatment plants (Obiri-Danso 
& Jones, 1999; St. Pierre et al. 2009). Campylobacters that are excreted into aquatic 
environments or upon starvation undergo a physiological change and can enter the 
viable but non-culturable state (VBNC) (Rollins & Colwell, 1986; Tholozan et al. 1999; 
Chaveerach et al. 2003). They can persist in water and survive for months under 
various conditions (Cools et al. 2003). The survival of campylobacters is contributed 
by the ingestion of planktonic grazers. Ishii et al. (2006) observed Campylobacter 
associated with Cladophora. The green algae serves as a protective and nutritive 
reservoir for pathogenic bacteria. It was shown that Daphnia were highly efficient 
grazers of aquatic bacteria and affect the biomass, productivity, size structure and 
species composition of aquatic bacterial biofilms (Jürgens 1994; Kamjunke et al. 
1999). Schallenberg et al. (2005) found Daphnia carinata grazing on C. jejuni and to 
reduce the survival of the pathogen. 
Campylobacters in natural aquatic habitats were found to survive in cold water at 
temperatures below 10°C in the winter period much longer than they survive in water 
at higher temperatures in Finland and Norway (Korhonen & Martikainen, 1991; 
Brennhovd et al., 1992) 
Campylobacter spp. in particular C. jejuni is one of the most important causes of 
food-borne gastrointestinal disease (Koenraad et al. 1997). Foods of animal origin 
and water are regarded as the main transmission routes due to the presence of these 






coli are the most common human enteric pathogens among the thermotolerant 
campylobacters and cause acute bacterial diarrhea (Frost 2001). 
 





1.5 Aims of the study 
 
 Overall goal is to assess the role of plankton as a site for accumulation, 
transport and possible proliferation of hygienically relevant microorganisms 
 
- Determination of the association in a freshwater environment, in Lake 
Baldeney/Essen/Germany 
- Investigation of pathogens existing in the VBNC state  
- Use of cultural and culture-independent methods  
 Quantitative polymerase chain reaction (qPCR) 
 Fluorescence in-situ hybridization (FISH) 
 
- Simulation of the plankton-bacteria association in batch cultures with 
the model organism Daphnia magna and selected pathogens 
(Pseudomonas aeruginosa, Aeromonas hydrophila and Enterococcus 
faecalis) 
- Balance studies between attached pathogens on the carapace of 
D. magna and the amount ingested, thus located in the gut (with 
cultural methods and FISH) 
 
 Evaluation of the results in concern of relevance for public health considering 
drinking water production and recreational water quality 
 
 




2 Material and methods 
2.1 Organisms 
2.1.1 Bacterial test strains 
The organisms used in this study listed in the table below were obtained from the 
German Collection of Microorganisms and Cell Cultures (DSMZ, Germany) and kept 
in cryogenic vials (Mast Diagnostica) at -70°C. 
Additionally used organisms were P. aeruginosa PAO1 (Nottingham wild type from 
Holloway collection) and A. hydrophila AH-1N (wild type, Swift et al. 1999).  
  
Table 2.1 Microorganisms used as a reference 
Organism DSMZ No. ATCC No. 
Aeromonas hydrophila 30187 7966 
Clostridium perfringens 756 13375 
Enterococcus faecalis 20478 19433 
Escherichia coli 30083 11775 
Legionella pneumophila 7513 33152 
Pseudomonas aeruginosa 50071 10145 
 
2.1.2 Daphnia 
The strain of Daphnia magna K34Q used in this study was originally isolated by Prof. 
Dr. Winfried Lampert from „Großer Binnensee” in Schleswig-Holstein/Germany 
(Lampert, 1991). The Daphnids were obtained from Dr. D. Martin-Creuzburg, 
Limnological institute, University of Konstanz and Prof. Dr. R. Tollrian, Animal 
ecology, evolution and biodiversity, University of Bochum. 
2.1.3 Algae 
The unicellular green algae Scenedesmus obliquus (SAG 276-3a) was used for 
feeding of Daphnia magna. The algae was obtained from Dr. D. Martin-Creuzburg, 
Limnological institute, University of Konstanz. 
  
 




2.2 Growth media 
Preparation of media:  
Media were prepared using deionized water and autoclaved at 121 °C for 20 min. If 
not mentioned otherwise, the preparation was done according to the manufacturers’ 
instructions. All solid growth media were poured in portions of 25 mL into sterile Petri 
dishes. 
Acetamide nutrient broth (Fluka Analytical) 
Composition in g/L: acetamide 2.0; magnesium sulfate 0.158; sodium chloride 0.2; 
sodium molybdate 0.005; ferrous sulfate 0.0005; dipotassium hydrogen phosphate 
0.2; pH 7.0 ± 0.2 at 37°C. 
Aachener Daphnia medium (ADaM) for cultivation of Daphnia magna 
For cultivation of Daphnia magna the artificial medium Aachener Daphnien medium 
(ADaM; pH 7.1) was used. The original recipe for the medium was developed by 
Klüttgen et al. (1994), but in this study a modified version used. 
Table 2.2 Stock solutions for ADaM 
Stock solution Chemicals Concentration [g/L] 
A CaCl2 117.6 
B NaHCO3 25.2 
C SeO2 0.07 
 





Stock solution A 
[mL] 
Stock solution B 
[mL] 
Stock solution C 
[mL] 









According to Havelaar et al. 1987 
Composition in g/L: Bacto Agar (Beckton Dickinson) 15.0; dextrin from potato starch 
(Fluka analytical) 10.0; Bacto Tryptose (Beckton Dickinson) 5.0; sodium chloride 
(VWR) 3,0; yeast extract granulated (Merck) 2.0; potassium chloride (Merck) 2.0; 
magnesium sulfate heptahydrate (Fluka analytical) 0.2; iron(III)chloride hexahydrate 
(Merck) 0.1. 
 8 mL of bromothymol blue solution (Merck) was added (10 mg/ml) and pH was 
adjusted with NaOH (1 M) to 8.0 ± 0.2 at 25°C. 
The medium was autoclaved for 20 min at 121°C, cooled down to 55°C and freshly 
prepared, filter sterilized (pore size 0.2 µm) 10 mL of ampicillin sodium salt 
(AppliChem) (final conc. 1 mg/ml) and 10 mL of deoxycholic acid sodium salt (Fluka 
Analytical) (final conc. 10 mg/ml) were added.  
Bile aesculine azide agar (Merck) 
Composition in g/L: peptone from casein 17.0; yeast extract 5.0; peptone 3.0; ox bile 
dried 10.0; sodium chloride 5.0; aesculine 1.0; ammonium iron(III)citrate 0.5; sodium 
azide 0.15; agar-agar 13.0. pH 7.1 ± 0.2 at 25°C. 
 
BCYEα agar (OXOID)  
Commercial agar plates, ready-to-use.  
Composition in g/L (ISO 11731:1998): yeast extract 10.0, agar 12.0, activated 
charcoal 2.0, alpha-ketoglutarate, monopotassium salt 1.0, ACES buffer (N-2-
actetamido-2-aminoethanesulfonic acid) 10.0, potassium hydroxide 2.8, L-cysteine 








mCCDA Preston (Campylobacter blood free selective agar base) (OXOID) 
Composition in g/L: Nutrient broth No. 2 25.0; bactericological charcoal 4.0; casein 
hydrolysate 3.0; sodium deoxycholate 1.0; ferrous sulphate 0.25; sodium pyruvate 
0.25; agar 12.0; pH 7.4 ± 0.2 at 25°C 
22.75 g of the commercially available granulate of mCCDA agar base were sus-
pended in 500 mL of deionized water and autoclaved (121 °C, 20 min). The content 
of one vial of CCDA Selective Supplement (cefaperzone 16.0 mg; amphotericin B 5.0 
mg; Oxoid) was dissolved in 2 mL of sterile deionized water was and added to 500 
mL of autoclaved agar base cooled to 50 °C. 
Cetrimide agar (Merck) 
Composition in g/L: peptone from gelatin 20.0; magnesium chloride 1.4; potassium 
sulfate 10.0; N-cetyl-N,N,N-trimethylammonium bromide 0.3; agar-agar 13.6. pH 7.2 
± 0.2 at 25°C. 
Chromocult® Enterococci Agar (Merck) 
Composition in g/L: Peptones 10.0; sodium chloride 5.0; sodium azide 0.2; 
dipotassium hydrogenphosphate 3.4; potassium dihydrogenphosphate 1.6; ox bile 
0.5; Tween ® 80 1.0; chromogenic-mixture 0.25; Agar-agar 11.0. pH 7.0 ± 0.2 at 
25°C. 
33.0 g of the commercially available granulate were suspended in 1 L of deionized 
water by heating in a boiling water bath until complete dissolution while stirring. After 
cooling down to 45 – 50 °C the agar was poured into plates. 
 
GVPC agar (OXOID)  
Commercial agar plates, ready-to-use.  
Composition in g/L (ISO 11731:1998) yeast extract 10.0, agar 12.0, activated 
charcoal 2.0, alpha-ketoglutarate, monopotassium salt 1.0, ACES buffer (N-2-
actetamido-2-aminoethanesulfonic acid) 10.0, potassium hydroxide 2.8, L-cysteine 
hydrochloride monohydrate 0.4, iron(III)pyrophosphate 0.25, ammonium-free glycine 
3.0, polymyxin B sulfate 80.000 iu, vancomycin hydrochloride 0.001, cycloheximide 
0.08, deionized water ad to 1000 mL. 
  
 




LB medium (Lenox Broth)  
Composition in g/L: tryptone 10.0, sodium chloride 5.0, yeast extract 5.0 / pH 7.0 ± 
0.2 at 25 °C. The compounds were dissolved in deionized water, pH was adjusted to 
7.0 ± 0.2 and deionized water was added up to 1 L.  
Malachite-green broth (base) (Merck) 
Composition in g/L: peptone from meat 5.0; meat extract 3.0; di-potassium hydrogen 
phosphate 0.37. pH 7.3 ± 0.2 at 25 °C. 
8.4 g (single concentrated broth) and 16.8 g (double concentrated broth) were 
dissolved in 1 L deionized water and the solutions were autoclaved (121 °C, 20 min).  
0.15 g malachite-green oxalate (Merck) were dissolved in 90 ml, filter sterilized and 
12 ml were added to the double concentrated broth base or 6 ml to the single 
concentrated broth which was before cooled to 50°C. 
m-CP agar (OXOID) 
Commercial agar plates, ready to use. 
Composition in g/L: tryptose 30.0; yeast extract 20.0; saccharose 5.0; L-Cysteine 
hydrochloride 1.0; magnesium sulphate x 7 H2O; bromocresol purple 0.04; agar-agar 
15.0; polymyxin B sulphate 0.025; D-Cycloserine 0.4. pH 7.6 ± 0.2 at 25 °C. 
Nutrient agar (NA, Merck)  
Composition in g/L: peptone from meat 5.0, meat extract 3.0, agar 12.0 / pH 7.0 ± 0.2 
at 25 °C.  
Preston broth (OXOID) 
Composition in g/L: ‘Lab-Lemco’ Powder 10.0; peptone 10.0; sodium chloride 5.0; pH 
7.5 ± 0.2 at 25 °C. 
12.5 g of the commercially available granulate of Nutrient broth No. 2 (agar base) 
were suspended in 500 mL of deionized water and autoclaved (121 °C, 20 min). The 
content of one vial of modified Preston Campylobacter Selective Supplement 
(polymyxin B 2500/U; trimethoprim 5.0 mg; rifamipicin 5.0 mg; amphotericin B 5.0 
mg; Oxoid) was dissolved in 2 mL of sterile deionized water and was added to 500 
mL of autoclaved agar base cooled to 50 °C. 
  
 




Pseudomonas Agar F (base) (Merck) 
Composition in g/L: peptone from casein 10.0; peptone from meat 10.0; magnesium 
sulfate 1.5; di-potassium hydrogen phosphate 1.5, agar-agar 12.0. pH 7.2 ± 0.2 at 25 
°C.  
Pseudomonas Agar P (base) (Merck) 
Composition in g/L: peptone 20.0; magnesium chloride 1.4; potassium sulfate 10.0; 
agar-agar 12.6. pH 7.2 ± 0.2 at 25 °C.  
Pseudomonas selective agar (CN agar, Oxoid)  
Composition in g/L: gelatin peptone 16.0, casein hydrolysate 10.0, potassium sulfate 
10.0, magnesium chloride 1.4, agar 11.0 / pH 7.1 ± 0.2 at 25 °C.  
24.2 g of the commercially available granulate of Pseudomonas agar base were sus-
pended in 500 mL of deionized water and 5 mL of glycerol were added before auto-
claving (121 °C, 20 min). The content of one vial of Pseudomonas CN supplement 
(100 mg cetrimide, 7.5 mg sodium nalidixate; Oxoid) was dissolved in 2 mL of a 1:1 
(vol/vol) mixture of ethanol and sterile deionized water and the solution was added to 
500 mL of autoclaved agar base cooled to 50 °C. 
R2A medium (Difco)  
Composition in g/L: yeast extract 0.5, Difco proteose peptone no. 3 0.5, casamino 
acids 0.5, glucose 0.5, soluble starch 0.5, sodium pyruvate 0.3, potassium hydrogen 
phosphate 0.3, magnesium sulfate heptahydrate 0.05, agar 15.0 / pH 7.2 ± 0.2 at 25 
°C.  
18.2 g of the commercially available granulate were dissolved in 1 L of deionized 
water. 
Slanetz & Bartley Medium (OXOID) 
Composition in g/l: tryptose 20.0; yeast extract 5.0; glucose 2.0; potassium hydrogen 
phosphate dihydrate 4.0; sodium azide 0.4; tetrazolium chloride 0.1; agar 10.0; pH 
7.2 ± 0.2 at 25°C. 
  
 




WCg medium for cultivation of Scenedesmus obliquus 
For cultivation of the algae Scenedesmus obliquus the WCg medium (pH 8) was used 
(Guillard, 1975). It is a general purpose medium for freshwater algae that prefer slight 
alkaline milieu.  




in final medium [M] 
K2HPO4 1.25 x 10
-5 
NH4Cl 5.01 x 10
-5 
CaCl2 x 2 H2O 2.50 x 10
-5 
MgSO4 x 7 H2O 4.14 x 10
-5 
NaNO3 2.50 x 10
-5 
NaHCO3 3.75 x 10
-5 
H3BO3 2.43 x 10
-5 
Na4EDTA x 2 H2O 2.50 x 10
-5 
  
Metal salt solution 
FeCl3 x 6H2O 1.17 x 10
-5
 
Na2EDTA x 2H2O 1.17 x 10
-5
 
CuSO4 x 5 H2O 3.93 x 10
-5
 
Na2MoO4 x 2H2O 2.60 x 10
-5
 
ZnSO4 x 7 H2O 7.65 x 10
-5
 
CoCl2 x 6 H2O 4.20 x 10
-5
 





Vitamin B 1 2.96 x 10
-7
 
Vitamin H 2.05 x 10
-9
 




For the preparation of 1 L medium each 500 µL of the salt solutions, 1 mL each of the 
metal salt solutions and 250 µL of the vitamin solution were mixed and the pH was 
adjusted with NaOH (0.1 M) to pH 7.8  
 




2.3 Buffers and other solutions for general use 
0.9 % NaCl solution  
9.0 g NaCl were dissolved in 1 L deionized water. The solution was autoclaved for 20 
min at 121 °C. 
Acid buffer (ISO 11731: 1998)  
Solution A: 0.2 M HCl  
200 mL 1 M HCl in 800 mL of deionized water.  
Solution B: 0.2 M KCl  
14.9 g KCl were dissolved in 1 L deionized water.  
For preparation 3.9 mL of solution A were mixed with 25 mL of solution B. After 
adjusting the pH to 2.2 ± 0.2 with 1 M KOH, the buffer was filter sterilized (pore size 
0.2 μL).  
DAPI stock solution (25 μg/ml) in 2 % (v/v) formaldehyde  
12.5 mg 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma) were dissolved 
in 500 mL formaldehyde solution (2 %) and filtered through a cellulose acetate filter 
(pore size 0.2 μm). 
DNA Ladder  
MassRuler™ DNA Ladder Mix, ready-to-use, range 80-10000 bp (Fermentas, 
SM0403). 
Loading Dye  
6 x TriTrack™ DNA Loading Dye (Fermentas, R1161).  
Composition: 10 mM Tris-HCl (pH 7.6), 0.03% bromophenol blue, 0.03% xylene cya-
nol FF, 0.15% orange G, 60% glycerol, 60 mM EDTA. 
Ethidium bromide solution  
10 mg/mL (Bio-Rad, 161-0433)  
 
McFarland standard (bioMérieux, 70900)  
 
Particle-free deionised water  
Deionized water was filtered through a cellulose acetate filter (pore size 0.2 μm) and 
then autoclaved (20 min, 121 °C). 
 




2.4 Commercial kits 
API®20 NE (bioMérieux, 20 050)  
 
 API NaCL 0.85 % Medium (bioMérieux, 20 070)  
 
API 20 NE test stripes 
 
JAMES (bioMérieux, 70 542)  
 
NIT 1 + NIT 2 (bioMérieux, 70 442)  
 
Zn reagent (bioMérieux, 70 380)  
 
Mineral oil (bioMérieux, 70 100) 
 
API®Campy (bioMérieux, 20 800)  
 
API NaCL 0.85 % Medium (bioMérieux, 20 070)  
 
API Campy test stripes 
 
NIT 1 + NIT 2 (bioMérieux, 70 442)  
 
FB (bioMérieux, 70 562)  
 
NIN (bioMérieux, 70 491) 
 
Mineral oil (bioMérieux, 70 100) 
API®rapid ID 32 E (bioMérieux, 32 400) 
Aquadien™ Kit (BioRad)  
iQ-Check™ Legionella Quantification Standards (BioRad) 
iQ-Check™ Screen L. pneumophila Kit  (BioRad) 
iQ-Check™ Screen Legionella spp. Kit (BioRad)  
Quant-iT™ PicoGreen® dsDNA Kit (Invitrogen) 
DNeasy Kit (Qiagen) 
  
 





4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI; Sigma)  
50x TAE (TRIS/acetic acid/EDTA) buffer (BioRad) 
Agarose (Pulsed Field Certified; Bio-Rad, 162-0137)  
Bovine serum albumin (BSA), 100x, 10 mg/mL (New England BioLabs, B9001S)  
Calcium chloride dihydrate, ≥ 99 % (Fluka Chemie AG) 
di-Sodium tartrate dihydrate, ≥ 99.5 % (Merck) 
Ethanol Rotipuran (Roth)  
EDTA tetrasodium salt dihydrate, ≥ 99 % (Sigma-Aldrich) 
Ethidium bromide (10 mg/ml) (BioRad)  
Folin Ciocalteu’s phenol reagent, 2N (Sigma-Aldrich) 
Formaldehyde solution, ~ 36 % in H2O (Fluka, 47630)  
Formamide deionised, ≥ 99.5%, p.a (Roth, P040.1)  
Glycerol (KMF Laborchemie Handels GmbH)  
Humic acid (Fluka Chemie AG) 
Loading Dye TriTrack (Fermentas)  
Magnesium chloride hexahydrate, grade for analysis (Merck)  
Paraformaldehyde (Merck, 1.04005)  
Rotipuran Water (Roth, p.a., ACS)  
Sodium carbonate, anhydrous, ≥ 99.8 % (Roth) 
Sodium dodecyl sulfate (SDS), 99 % (Sigma-Aldrich) 
Sodium hydroxide pellets, 99 % (KMF Laborchemie) 
TRIS PUFFERAN®, ≥ 99.9 % (Roth) 
Water for Molecular Biology (Roth, DPEC treated) 
  
 






Table 2.5 Equipment used in this study 
Equipment Manufacturer 
Biofuge fresco Heraeus Instruments 
Cary 50 Bio UV-Visible Spectrophotometer Varian 
Centrifuge 5415 D Eppendorf 
Filtropur S plus 0.2 membrane filters, 0.20 
µm porosity 
Sarstedt 
Electrophoresis chamber HE 33 mini 
horizontal submarine unit 
Amersham Biosciences 
iCycler BioRad 
iQTM5 Multicolor Real-Time PCR Detection 
System 
BioRad 
LabelGuardTM Microliter Cell Implen  
Leica DMLS Leica Microsystems Wetzlar GmbH 
Microseal® ‘B’ Film BioRad 
Molecular Imager Gel Doc XR System BioRad 
Omnifix 10 ml syringe B. Braun Melsungen AG 
PCR plates, 96-well BioRad 
Polycarbonate membrane filters, white, 0.40 
µm porosity 
Millipore 
Power Supply Pack P25 Biometra 
SFM 25 A fluorescence spectrophotometer Kontron Instruments 
Thermomixer comfort Eppendorf 
Cooling centrifuge, Sorvall® RC26PLUS  Sorvall 
Bactident® Oxidase Test Strips  Merck, 1.13300 
Black polycarbonate membrane filters, pore 
size 0.2 μm 
Millipore 
Desk centrifuge 5415 D  Eppendorf 
Disposable Bottle Top Filter OR, non-fiber 
releasing membrane, surfactant free 
cellulose acetate pore size 0.20 μm  
NALGENE® 
Disposable cuvettes PMMA semi-micro, 
12.5 × 12.5 × 45 mm 











Epifluorescence microscope: Leitz Laborlux 
S  
Objectives: PL Fluotar 100x / 1.32 oil  
Eye-piece: 2x Periplan 10x / 18  




Gel documentation system Universal  
Hood II 
Bio-Rad 
Hybridisation oven Thermo electron cooperation 
Light microscope; Leica DM LS Leica Microsystems 
Mastercycler ep gradient S Eppendorf 
Membrane filters black, MicroPlus-31 ST, 
0.45 μm pore size, ø 50 mm, mixed 
cellulose ester 
Whatman 
Membrane filters white, 0.45 μm pore size, ø 
47 mm, mixed cellulose ester 
Nikon Microscope: Eclipse Ni H 550 L 
Objectives:  
Plan Fluor 4x/0,13 OFN 25 WD 17,2 
Plan Apo 100x/1,40 oil OFN 25  
Eye-piece: CFI 10x/22 
UV-unit Intenislight C-HGFIE 
Camera: Nikon DS Fi 1 




pH meter WTW (ph 549 ELP)  MultiCal® 
Phase contrast microscope; Leica DM LS Leica Microsystems 
Quanti-Tray® Sealer Model 2X  IDEXX 
Reaction chambers for Fluorescence in situ 
hybridisation  
Vermicon 
Six-fold stainless-steel vacuum filtration 
apparatus 
Millipore 
Thermo Scientific Diagnostic slides epoxy-
coated 8-well 6 mm  
Menzel 
Thermomixer comfort  Eppendorf 
Three-fold stainless-steel membrane 
filtration apparatus  
Sartorius 











Table 2.6 Software used in this study. 
Software Manufacturer 
Microsoft Office Excel 2003/2010 Microsoft Deutschland GmbH, 
Unterschleißheim, Germany 
iQTM5 Optical System Software 2.0 BioRad, Hercules, CA, USA 
Simple Reads 2.0 Varian Australia Pty Ltd., Mulgrave, 
VIC, Australia 
Quantity One 4.6.3 BioRad, Hercules, CA, USA 
Win UV Scan Varian Australia Pty Ltd., Mulgrave, 
VIC, Australia 
 
Chromas Version 2.01  
 
Technelysium Pty Ltd, Australia 









2.8 Sampling of water and plankton at Lake Baldeney 
Water and plankton samples were obtained from Lake Baldeney (Essen, Germany), 
the lowermost reservoir within the course of the River Ruhr. Between April and 
September 2010, six successive sampling events were deployed at monthly intervals. 
At each event, three different transects (T1, T2, T3) across the lake (from the 
northern to the southern shore) were sampled (Figure 2.2). Sampling included the 
collection of one water sample (at T1 only) and the collection of zoo- and 
phytoplankton at all transects. This lead to a total of 42 samples (18 each for zoo- 
and phytoplankton plus 6 water samples).  
Physico-chemical parameters (pH value, air temperature, water temperature, electric 
conductivity and oxygen concentration) were measured on-site halfway along each 
transect while water samples were taken at the same spot (T1 only), approximately 
30 cm below the water surface using glass bottles. Additionally to surface water 
samples, samples were also taken at the lake bottom with a ‘Ruttner Schöpfer’ 
(Figure 2.1) and the depth was measured with an ultrasonic sensor. 
 
 








Sampling of plankton was carried out using different plankton nets for phytoplankton 
(55 µm) and zooplankton (200 µm) along diagonal hauls from the lake bottom up to 
the surface. Therefore, the plankton net was first lowered until it almost reached the 
lake ground (depth measured before using an ultrasonic sensor) and then slowly 
lifted while the boat slowly moved toward the opposite lake shore. After each haul, 
the net was emptied and its content transferred into polyethylene containers (200 ml). 
Altogether four replicate samples (2–4 hauls each) were taken, two of which were 
further processed for bacterial analysis and the other two for identification. Plankton 
samples for indentification were fixed and preserved in Lugol´s fluid (5%), while 
plankton samples for bacteriological analysis were transported alive without 
preservation (but cooled at 4° C). All sampling and transport was done following DIN 
EN ISO 19458 (2006) and processed within 6 h after sampling.  
Once arrived at the laboratory, plankton samples for bacteriological analysis were 
filtered through a piece of gauze (Hydro-Bios Germany, mesh size 55 µm) and the 
wet weight of the biomass was measured. Plankton was then resuspended in defined 
volumes of sterile and filtered (pore size 0.2 µm) lake water and homogenised by 
stirring on a magnetic stirrer for 5 min. Water samples and homogenised plankton 
suspensions were immediately subjected to cultural methods and DNA extraction or 
stored in the dark at -20 °C until further analysis. 
  
 





Figure 2.2 Overview of the sampling procedure 
(A) Plankton nets are hauled along a transect to harvest phytoplankton and zooplankton, respectively; 
(B) Plankton is recovered in a sterile polyethylene bottle by opening a valve at the lower end of the 
plankton net; (C) Collection of water samples in sterile glass bottles; (D) Schematic overview of Lake 
Baldeney. Red lines indicate transects 1, 2, and 3. The retaining wall impounding the River Ruhr is 
indicated as a black line. Flow direction is from East (right) to West (left). (Source A – C: J. Wingender, 
Biofilm Centre, University of Duisburg-Essen) 
 




2.8.1 Identification of plankton organisms 
The preserved plankton samples were separated into zooplankton and phytoplankton 
and identified under a dissecting microscope or binoculars (Olympus SZ 51 and BX 
51). Dominant taxa (abundance >5%) were identified to the lowest possible 
taxonomic level.  
Phytoplankton density was determined by averaging the counts of five replicate 
subsamples (10 µL each). The subsamples were fully processed under the 
microscope. Zooplankton samples were fully processed and counted (without sub-
sampling). Identification of phytoplankton followed recommendations of Mischke and 
Behrendt (2007), which is the most recent standard for phytoplankton identification in 
Central Europe and DGL (2007). Zooplankton species (Rotatoria, Copepoda, 
Cladocera) were identified using Kiefer & Fryer (1978). 
 
2.8.2 Determination of plankton mass and sample preparation 
For the determination of the wet weight of the obtained plankton masses, both 
plankton samples were each filtered through a net (mesh size 55 µm) and weighed 
with an analytical balance. Furthermore the plankton samples were washed one time 
in filter-sterilized lake water (0.2 µm) and resuspended in 600 mL of filter-sterilized 
lake water and stirred on a magnetic stirrer for 5 min. Additionally a ‘plankton-free’ 
water sample was investigated which was a water sample that was filtered through a 
55 µm plankton net. 
 
2.9 Sampling and preparation of Elodea nuttallii from Lake Baldeney 
Additionally the neophyte Elodea nuttallii which showed massive growth at Lake 
Baldeney in 2009 was sampled. Therefore floating plants at the surface of the lake 
were collected and transported in sterile flasks (according to DIN EN ISO 19458, 
2006). For preparation the water plant was washed one time in filter-sterilized lake 
water and afterwards suspended in filter-sterilized lake water and stirred on a 
magnetic stirrer for 5 min. The determination of the dry residue and water content 
was done according to DIN EN 12880 (2000) and the loss of ignition of the dry mass 
was determined according to DIN EN 12879 (2000). 
  
 




2.10 Microbiological methods 
2.10.1 Determination of total cell count 
4 mL of diluted or undiluted sample were mixed with 1 mL DAPI solution (25 μg/mL) 
in 2 % (v/v) formaldehyde and incubated at room temperature for 20 min in the dark. 
Afterwards the solution was filtered through a black polycarbonate membrane filter 
(0.2 μm pore size, Milipore) using a six-fold vacuum filtration apparatus. The filter 
was stored at 4 °C in the dark until enumeration (Hobbie et al., 1977).  
The cells counts were determined using an epifluorescence microscope at 1000-fold 
magnification with immersion oil. 20 randomly selected fields of view were examined 
for each filter with the help of a counting grid (100 μm x 100 μm). Results are given 
as cells/mL. 
2.10.2 Determination of heterotrophic plate count (HPC) 
Decimal dilutions of water samples and plankton suspensions were prepared in 
sterile particle-free deionized water and plated in triplicate on R2A agar to determine 
the HPC (Reasoner and Geldreich, 1985). Colonies were enumerated. After 7 d of 
incubation at 20 °C colonies were enumerated. Plates with colony numbers between 
30 and 300 were considered for enumeration, Results are given as colony-forming 
units (cfu)/mL or g wet weight.  
2.10.3 Determination of culturable Pseudomonas aeruginosa 
P. aeruginosa was quantified according to the standard DIN EN ISO 16266 (2008) by 
filtering 10 ml and 1 mL of water samples or plankton suspensions through 47 mm 
mixed cellulose ester membrane filters with a pore size of 0.45 μm (Pall). Filters were 
transferred onto CN agar and the plates were incubated at 36 °C for 48 hours. Plates 
with colony numbers between 20 and 200 were considered for enumeration. Results 
are expressed as cfu/mL or g wet weight. 
Additionally detection by liquid enrichment in malachite green broth in MPN scale 
was done according to DIN 38411 part 8 (1982). Single and double concentrated 
broth was used in 3 different volumina in fivefold approach. The analyzed volume 
amounted 249.75 mL in total. 
  
 




Table 2.7 Approaches of Malachite green broth MPN method 
 Sample Malachite green broth 
Approach volume (mL) volume (mL) concentration 
1 45 45 double 
2 4.5 4.5 double 
3 0.45 10 single 
The broth was incubated at 36°C for 48 hours. All yellow and turbid approaches were 
subcultured on Cetrimide Agar. Afterwards typical colonies were streaked onto 
Pseudomonas-Agar P (PAP) and Pseudomonas Agar F (PAF) incubated at 36°C for 
48 hours. On PAF and PAP agar plates the colonies were observed for fluorescence 
under UV light and blue-green (pyocyanine) or red-brownish (pyorubine) 
pigmentation. 
Additionally typical colonies were inoculated in acetamide broth incubated at 36°C for 
22 hours. For confirmation a drop of Nessler´s reagent was added to the acetamide 
broth after incubation, a positive result was proven if a yellow or brick-red precipitate 
occurred. 
By means of positive confirmed results the concentration of P. aeruginosa in 250 mL 
was determined with the help of a MPN table (Klug, M., 2004; Diploma thesis). 
 
2.10.4 Determination of culturable coliforms and Escherichia coli 
Quantification of total coliforms and E. coli was performed using the Colilert-18 
Quanti-Tray®/2000 system (IDEXX). One vial of the Colilert-18 reagent was 
dissolved in 100 mL of the diluted or undiluted water and plankton samples and 
subsequently transferred into a Quanti-Tray®. The Tray was sealed and incubated at 
36 °C for 19 ± 1 h. Positive (yellow colored (coliforms) or fluorescent (E. coli) wells 
were enumerated and the number was converted to MPN/100 mL or per g wet weight 
according to the manufacturer’s instruction. 
  
 




2.10.5 Determination of culturable Enterococcus spp. 
Quantification of Enterococccus spp. was carried out according to the standard DIN 
EN ISO 7899-2 (2000). Sample volumes of 100 mL and 10 mL water samples or 
plankton suspensions were filtered through 47 mm mixed cellulose ester membrane 
filters with a pore size of 0.45 μm (Pall).Filters were transferred onto Slanetz & 
Bartley agar and the plates were incubated at 36 °C for 44 hours. All red or red-
brownish colonies were counted and the filters were transferred onto pre-warmed 
bile-aesculine-azide agar plates and incubated at 44°C for 2 hours. Results were 
confirmed if typical colonies developed a visible black corona in the agar medium. 
Plates with colony numbers between 20 and 200 were considered for enumeration. 
Results are expressed as cfu/mL or g wet weight. 
2.10.6 Determination of culturable Legionella spp. 
Legionella spp. was quantified according to the standard ISO 11731 (1998). 
2 ml of the water samples and plankton suspensions were centrifuged for 10 min at 
6000 x g and 4 °C. Half volume of the supernatant was discarded and replaced by an 
equal volume of acid buffer (pH 2.2). 
The pellet was resuspended and the suspension was incubated at room temperature 
for 5 min. After incubation, the suspension was spread-plated in tripiclate and 
incubated at 36 °C for up to 10 days. Plates with colony numbers between 30 and 
300 were considered for enumeration. Results are expressed as cfu/mL or g wet 
weight.  
Additionally 100, 10 and 1 mL of the samples were filtered through black 50 mm 
mixed cellulose ester membrane filters with a pore size of 0.45 μm (Whatman) and 
treated with 10 mL of acid buffer (pH 2.2) for 5 min. Afterwards the filters were rinsed 
with 10 mL of sterile deionised water and placed onto GVPC agar. Plates were 
incubated for up to 10 days at 36 °C. Plates with colony numbers between 20 and 








2.10.7 Determination of culturable Campylobacter spp. 
For qualitative determination of Campylobacter spp. (according to ISO 17995 (2005)) 
volumes of 100 ml and 200 ml water samples and plankton suspensions were filtered 
through 47 mm mixed cellulose ester membrane filters with a pore size of 0.45 μm 
(Pall) and transferred into bottles with 100 ml Preston broth. Incubation occurred in 
anaerobic jars under microaerophilic conditions (Anaerocult C, Merck) at 36°C for 48 
hours. Afterwards 10 µL of the Bouillon were streaked onto mCCDA-Agar and 
incubated under microaerophilic conditions at 42°C for 48 hours. 
Grown colonies were streaked in duplicate onto nutrient agar plates and incubated at 
42°C for 24 hours, one plate under aerobic and the other under microaerophilic 
conditions. A positive result is given, when the incubated colonies do not grow under 
aerobic conditions. 
2.10.8 Determination of culturable Aeromonas spp. 
Quantification of Aeromonas spp. was performed according to Havelaar et al. (1987). 
The water samples and plankton suspensions were spread-plated (volumes 500 µL 
and 100 µL) on ampicillin dextrin agar and incubated at 30°C for 24 hours. 
Additionally volumes of 10 mL and 1 mL were filtered through 47 mm mixed cellulose 
ester membrane filters with a pore size of 0.45 μm (Pall).Filters were transferred onto 
ampicillin dextrin agar and the plates were incubated at 30 °C for 24 hours. Plates 
with colony numbers between 30 and 300 (spread-plate method) or between 20 and 








2.10.9 Determination of culturable Clostridium perfringens and their spores 
C. perfringens was quantified by membrane filtration according to the German 
Drinking Water Ordinance (TrinkwV, 2001). Water samples and plankton suspension 
volumes of 100 mL and 10 mL were filtered through 47 mm mixed cellulose ester 
membrane filters with a pore size of 0.45 μm (Pall). Filters were transferred onto m-
CP agar (Armon & Payment, 1988) and incubated in anaerobic jars under anaerobic 
conditions (Anaerocult A, Merck) at 44°C for 21 hours. All opaque-yellow colonies 
were counted and afterwards the plates were exposed to ammonium hydroxide 
steam for 30 seconds. All opaque-yellow colonies which turned to pink were 
considered for enumeration between 20 and 200. Results are given in cfu/mL or g 
wet weight. 
Additionally the amount of C. perfringens spores was determined by pasteurisation of 
100 mL of each sample at 80°C for 10 min. Afterwards cultivation occurred similar to 
those for vegetative cells. 
 
2.11 Characterization of bacterial isolates 
2.11.1 Biochemical characterization 
P. aeruginosa, A. hydrophila and Campylobacter spp. were identified using the API® 
20 NE system and the API® Campy system (bioMérieux), respectively. Intestinal 
enterococci and coliforms were identified using API®rapid ID 32 strep and API® 20 E 
respectively. Test strips were inoculated according to the manufacturer’s instruction 
and incubated at 30 °C for 24 to 48 h (API® 20 NE) or at 36 °C for 24 (API® 20 E) up 
to 48 h, microaerophilic (API® Campy), or 36°C for 4 h (API®rapid ID 32).  
Identification was performed using the software APILAB Plus V 3.3.3. 
  
 




2.11.2 16S rDNA sequence analysis 
2.11.2.1 Isolation of DNA from pure cultures  
A concentration of approximately 1.2 x 109 cells/mL (Mc Farland standard 4) was 
prepared in 0.9 % NaCl solution with cell material from 24 h old pre-cultures. By 
centrifugation (10 min, 5000 x g) the cell material was harvested. The QIAGEN 
DNeasy® Blood & Tissue Kit was used following the protocol for DNA isolation from 
Gram-negative bacteria. For the final elution of the DNA from the spin column 2 x 100 
μL elution buffer were used. The DNA solution was stored at -20°C. 
2.11.2.2 Amplification of 16S rDNA fragments  
Polymerase chain reaction (PCR) was performed for the amplification of bacterial 
16S rDNA gene fragments by use of the primer fd1 and rp2 (Weisburg et al., 1991).  
For each reaction the following components were pipetted into a 0.2 mL PCR tube: 
Table 2.8: Components and concentrations of the PCR reaction used for bacterial 16S rDNA 
amplification 
Constituent Final concentration Volume in 50 μL 
Primer fd1 50 pM 0.5 μL 
Primer rp2 50 pM 0.5 μL 
MasterMix 2.5x  20 μL 
Taq DNA Polymerase 1.25 U  
KCl 50 mM  
Tris-HCl pH 8.3 30 mM  
Mg(OAc)2 1.5 mM (Mg2+)  
Igepal®-CA630 0.1%  
dNTP (each) 200 μM  
Stabilizers   
DNA solution (3.3.2.1.)  1 μL 
H2O (molecular biology grade)  28 μL 
Total Volume  50 μL 
A negative control without DNA template was included in all PCR reactions. 
 
Table 2.9 The PCR program parameters  
Initial Denaturation 94 °C 120 s 
30 Cycles:   
Denaturation 94 °C 60 s 
Annealing 59 °C 60 s 
Elongation 72 °C 90 s 
Final Elongation 72 °C 5 min 








2.11.2.3 DNA sequencing and comparative sequence analysis  
The cleaned PCR products were sent to Sequence Laboratories Göttingen GmbH 
(Göttingen, Germany). For sequencing 10 μL of DNA with a concentration of 80 ng/μl 
and 10 μL of the forward primer fd1 with a concentration of 10 pM/μL were sent. 
By use of the software Chromas Version 2.01 (Technelysium Pty Ltd, Australia) 
sequence data were edited and processed. Identification of microbial species 
was performed using the nucleotide-nucleotide Blast service available at the website 
of the National Center for Biotechnology Information 
(http://www.ncbi.nlm.nih.gov/BLAST/). 
The nucleotide sequence was compared to sequence databases and the most 
significant statistical match was considered (Altschul et al., 1997). A sequence match 
of more than 97% implies relation on species level, a minimum of 95% sequence 
homology was set to signify relation on genus level (Angenent et al. 2005). 
  
 




2.12 Molecularbiological methods 
2.12.1 Buffers and solutions for polymerase chain reaction (PCR) 
dNTP Mix  
Commercial ready-to-use reagent mix (5 Prime, 2201200).  
10 mM of each dNTP.  
MasterMix 2.5x  
Commercial ready-to-use reagent mix (5 Prime, 2200100).  
Composition: 62.5 U/μL Taq DNA Polymerase, 125 mM KCl, 0.5 % ®-CA630, 75 mM 
Tris-HCl (pH 8.3), 3.75 mM Mg2+ (Mg(OAc)2), , 500 μM dNTP (each), 0.25% Igepal, 
stabilizers. 
Table 2.10 Primers 
Primer  Sequence  Reference  
fd1  5’-AGA GTT TGA TCC TGG CTC AG-3’  Weisburg et al., 1991  
rp2  5’-ACG GCT ACC TTG TTA CGA CTT-3’  Weisburg et al., 1991  
Primers were obtained as lyophilisates from Eurofins MWG Operon (Ebersbach, Germany). 
Taq buffer advanced  
Commercial ready-to-use reagent mix (5 Prime, 2201240).  
10x concentrated with 15 mM Magnesium. 
Taq DNA Polymerase (5 U/μL; 5 Prime, 2200000).  
Taq Master PCR Enhancer  








2.12.2 Fluorescence in-situ hybridization (FISH) 
2.12.3 Solutions and buffers for fluorescence in-situ hybridization (FISH) 
Phosphate-buffered saline (PBS)  
Composition in g/L: sodium chloride 8.00, potassium chloride 0.20, sodium hydrogen 
phosphate dihydrate 1.81, potassium hydrogen phosphate 0.24.  
The components were dissolved in Rotipuran water (Roth T143.1). The pH was 7.2 ± 
0.2. The solution was autoclaved for 20 min at 121 °C. 
Paraformaldehyde solution (4 %)  
Composition in g/l: 4 g paraformaldehyde (Merck) were dissolved in 100 ml PBS (pH 
7.2) and stirred with a magnetic stirrer for 1 h at 50 °C. The solution was filter 
sterilized (pore size 0.2 µm). 
DAPI solution (1 μg/mL) in PBS  
40 μL of the DAPI stock solution (25 µg/mL) were mixed with 960 μL PBS.  
0.25 M EDTA  
104.50 g Na4EDTA (Sigma) were dissolved in 1L of Rotipuran water. The solution 
was autoclaved for 20 min at 121 °C 
Hybridisation buffers 
 






LEG705 LEGPNE1 AERBOMO Efs 130 
5 M NaCl 0.9 M 0.9 M 0.9 M 0.9 M 0.9 M 0.9 M 
1 M Tris pH 7.2 - - - - 20 mM - 
1 M Tris pH 7.6 20 mM - 20 mM 20 mM - - 
1 M Tris pH 8.0 - 20 mM - - - 20 mM 
10% SDS 0.01 % 0.01 % 0.01 % 0.01 % 0.01 % 0.01 % 
Formamide 20% 40 % 20 % 25 % 35 % 35 % 
For the preparation of hybridisation buffers, Rotipuran water was used. 
 
 
5 M NaCl solution  
292.2 g sodium chloride were dissolved in 1 L of Rotipuran water. The solution was 
autoclaved for 20 min at 121 °C. 
  
 




Table 2.12 Oligonucleotide probes 
Probe Sequence Specific for  Reference 
 
EUB338  5’-GCT GCC TCC CGT AGG AGT-
3'  
Eubacteria  Amann et al., 1990  
NONEUB338  5’-CGA CGG AGG GCA TCC TCA-
3'  
negative control  Wallner et al., 1993  
Psae16S-182  5’-CCA CTT TCT CCC TCA GGA 
CG- 3’  
P. aeruginosa  Wellinghausen et al., 
2005  
LEGPNE1  5’-ATC TGA CCG TCC CAG GTT- 
3’  
L. pneumophila  Grimm et al., 1998  
LEG705  5’-CTG GTG TTC CTT CCG ATC- 
3’  
Legionella spp.  Manz et al., 1995  
AERBOMO 5’-CTA CTT TCC CGC TGC CGC 
C-3’ 
A. hydrophila Bomo et al. 2004 
Kämpfer et al., 1996 
Efs 130 5’-CCCTCTGATGGGTAGGTT-3’ E. faecalis Meier et al. 1997 
All oligonucleotide probes were Cy3-labelled at the five prime end and HPLC cleaned. Probes were 
obtained as lyophilisates from Eurofins MWG Operon (Ebersbach, Germany). 
 
Oligonucleotide probe solutions  
Lyophilisates were dissolved in water for molecular biology (Roth) to a final concen-
tration of 1 μg/μL. Then stock solutions of the specific probes were prepared by 
diluting the dissolved lyophilisates with water for molecular biology to a final con-
centration of 50 μg/μL.  
For preparation of the working solutions stock solutions were diluted 1:10 in the 
appropriate hybridisation buffer.  
 
10 % (w/v) SDS  
10 g SDS (sodium dodecyl sulfate; Riedel de Haen) were dissolved in 100 mL 
Rotipuran water and the solution was filter sterilized (pore size 0.2 μm).  
 
1 M Tris-buffer pH 7.2/pH 7.6/pH 8.0  
121.14 g Tris(hydroxymethyl)-aminomethane (Roth) were dissolved in 1 L of Rotipu-
ran water and the pH was adjusted to pH 7.6 or pH 8.0 ± 0.2 with 7 M hydrochloric 
acid. The solution was autoclaved for 20 min at 121 °C. 
  
 










LEG705 LEGPNE1 AERBOMO Efs 130 
1 M Tris pH 
7.2 
- - - - 20 mM - 
 
1 M Tris pH 
7.6 
 
20 mM - 20 mM 20 mM - - 
 
1 M Tris pH 
8.0 
 
- 20 mM - - - - 
 
5 M NaCl 
 









0.01 % 0.01 % 0.01% 0.01% 0.01% 0.01% 
For the preparation of washing buffers, Rotipuran water was used. 
 
FISH was performed using the probe EUB338 for the detection of Eubacteria (Amann 
et al., 1990), Psae16S-182 for P. aeruginosa. Leg 705 for Legionella spp. and 
LEGPNE1 for the detection of L. pneumophila (Grimm et al., 1998), AERBOMO for A. 
hydrophila (Bomo et al. 2004) and Efs 130 for E. faecalis (Meier et al., 1997). 
As a negative control a nonsense probe complementary to the sequence of probe 
EUB338, NONEUB338 (Wallner et al., 1993) was used.  
Fixation. By centrifugation (10 min, 6000 x g, 4 °C) cells were harvested and the 
supernatant was discarded. The pellet was resuspended in half the volume of 4 % 
paraformaldehyde in phosphate-buffered saline (PBS), pH 7.2 and incubated for 
fixation at 4°C for 1 h. Afterwards the suspension was centrifuged (5 min, 6000 x g, 4 
°C), the supernatant was discarded and the pellet was washed once in PBS. 
After centrifugation (5 min, 6000 x g, 4 °C) the supernatant was discarded and the 
pellet was resuspended in a mixture of PBS and ethanol absolute (1:1) and stored at 
-20°C. 
FISH procedure. The fixed samples (10 µL) of bacterial suspensions were pipetted 
onto epoxy-coated 8-well diagnostic slides (Thermo Scientific) and air-dried. By 
dipping the slides into 50 %, 80 % and 96 % ethanol (3 min for each step) the 
samples were dehydrated. After air-drying hybridization was conducted by adding 10 
μL of hybridisation buffer containing 5 ng/μL of the respective oligonucleotide probe 
to the samples fixed slides. Hybridization took place in a humid reaction chamber 
(Vermicon) at 46 °C for 90 min. Afterwards the 8-well diagnostic slides were 
transferred into reaction chambers containing 25 mL to 46°C pre-heated (48 °C for 
 




Efs 130) washing buffer and incubated at 46 °C for 15 min (5 min. for Efs 130). Then 
the slides were washed in deionised water, air-dried and bacterial cells were 
counterstained by adding 10 μL of DAPI (1 μg/mL) to each well and incubating for 20 
min at room temperature in the dark. The diagnostic slides were washed in deionised 
water and stored at 4 °C in the dark until enumeration of cells. For enumeration an 
epifluorescence microscope at 1000-fold magnification was used and 20 randomly 
selected fields of view or at least 200 cells were enumerated for each filter with the 
help of a counting grid (100 μm x 100 μm). The percentage of FISH-positive bacteria 
was calculated in relation to the number of DAPI stained cells.  
  
 




2.12.4 Quantitative PCR 
2.12.5 Solutions and buffers for qPCR 
Reagents 
Table 2.14 Ready-made qPCR reagents 
qPCR reagent Manufacturer 
Maxima
TM
 SYBR Green/Fluorescein qPCR Master 
Mix (2X) 
Fermentas, St. Leon-Rot, Germany 
qPCR probe dilution buffer (10 mM TRIS-Cl, 1 mM 
EDTA, pH 8) 
Eurofins MWG Operon, Ebersberg, 
Germany 
TaqMan Exogeneous Internal Positive Control 
Reagents (10X Exo IPC Mix, 10X Exo IPC Block, 
50X Exo IPC DNA) 
Applied Biosystems, Darmstadt, Germany 
VeriQuest
TM




The following oligonucleotides were used in this study (kit components are not listed): 
- Forward primer Pa23FP (Eurofins MWG Operon, Ebersberg, Germany) 
- Reverse primer Pa23RPb (Eurofins MWG Operon, Ebersberg, Germany) 
- TaqMan probe Pa23FAM (Eurofins MWG Operon, Ebersberg, Germany) 
Stock solutions (100 pmol/µL) of the primers Pa23FP and Pa23RPb, and the 
TaqMan probe Pa23FAM were stored at -20 °C in the dark. The sequences of the 
oligonucleotides used in this work are listed in Table 2.15. 
Table 2.15 Sequences of oligonucleotides 
Oligoname Sequence Reference 
Pa23FP
a 
5’-TCCAAGTTTAAGGTGGTAGGCTG-3’ Schwartz et al., 2006; 
Volkmann et al., 2007 
Pa23RPb
a 





Schwartz et al., 2006; 
Volkmann et al., 2007 
a Primer. 
b TaqMan probe. 
 
Enzymes and proteins 
Table 2.16 Enzymes and other proteins (enzymes contained in ready-made PCR reagents are not 
listed) 
Enzyme Concentration Manufacturer 
Bovine serum albumin (BSA) 10 mg ml
-1
 New England Biolabs, Frankfurt am 
Main, Germany 









Isolation and purification of DNA with Aquadien™ DNA extraction Kit (Bio Rad) 
According to the protocol for dirty water samples provided by the manufacturer, 50 ml 
of each sample were concentrated by filtration using white 0.40-µm-pore-diameter 
polycarbonate membrane filters. Filters were placed in a tube containing lysis buffer. 
Lysis of cells was performed in the presence of thermal shock by incubating for 15 
min at 95 °C. The filter was removed and the lysate was stored for 24 h at 2 °C to 8 
°C to allow the resin of the lysis buffer to settle. Using 1 ml of supernatant, DNA was 
purified by ultrafiltration and adsorption on a silica column, and eluted into a final 
volume of 100 µl using elution buffer. Centrifugation time was extended to ensure 
that all supernatant was filtered through the column. Centrifugation speed remained 
constant for all samples. For samples containing high amounts of plankton material 
(heavily-loaded samples), 1 ml supernatant was split and processed in two separate 
columns (500 µl each). After pooling both eluates, a final volume of 200 µl was 
obtained. These DNA extracts were stored at -20 °C until analysis.  
Cells from pure cultures of all bacterial strains each were suspended in deionised 
water to obtain a bacteria concentration of 106 cells litre-1 and 5×105 cells litre-1 for 
Legionella spp. and Pseudomonas aeruginosa, respectively. DNA extraction was 
performed according to the AquadienTM Kit protocol for drinking water samples. 
 
Z-values 
The Z value is a theoretical factor that compensates for DNA loss during DNA extrac-
tion and represents the fraction of the initial sample analysed in each PCR assay. It 
was calculated for every method and was 32 for the AquadienTM Kit (64 for heavily-
loaded samples). 
Determination of DNA quantitiy 
DNA yield was quantified using the PicoGreen assay Quant-iTTM PicoGreen® dsDNA 
Kit according to the manufacturer’s instructions. DNA extracts were limited in volume, 
they had to be diluted in TE (1X) buffer 100-fold or 1,000-fold, respectively. 
Fluorescence was detected using a fluorescence spectrophotometer (SFM 25 A 
fluorescence spectrophotometer, Kontron Instruments, Mila, Italy). 
  
 




Quantitative real-time PCR  
Quantitative real-time PCR (qPCR) was performed using an iCycler combined with 
an iQTM5 Multicolor Real-Time PCR Detection System (Bio Rad). Samples were 
introduced into the cycler in 96-well plates that were sealed with transparent, self-
adhesive film, and analysed in duplicates. 
Legionella spp. and L. pneumophila 
Legionella qPCR was carried out using commercially available iQ-CheckTM kits (Bio 
Rad) for the detection of Legionella spp. and L. pneumophila, respectively. Each kit 
provided a target DNA-specific FAM-labelled (FAM-490) molecular beacon probe, 
and a Texas-Red-labelled (TexasRed-575) probe as the internal control DNA. By 
mixing the amplification mix and the probe solution in a ratio (8:1) defined by the 
manufacturer, a PCR reaction mix was created. For each sample, 45 µl of PCR 
reaction mix were pipetted in a well, and 5 µl sample of extracted DNA were added 
(according to manufacturers´ instructions). In the event of PCR inhibition detected by 
validation of the Texas Red signal, samples were diluted in molecular-grade water. 
Each qPCR run accommodated a no-template control (5 µl molecular-grade water), a 
positive, and a negative control (both supplied in the kit; 5 µl of each). For 
quantification, a set of four L. pneumophila DNA standards (QS1 – QS4 PCR 
standards, supplied in the kits; 5 µl of each), corresponding to a DNA concentration 
range of 15 genome units (GU) to 3×104 GU per assay, was applied. A 3-step PCR 
was run for 50 cycles following initial UDG treatment as well as a denaturing step at 
95 °C for 15 min (Table 2.17). Fluorescence emission by the FAM-labelled probe at a 
wavelength of 530 nm resulting from excitation at 490 nm was measured after each 
annealing step. The Texas Red signal was monitored simultaneously.  
Table 2.17 Temperature protocol used in Legionella qPCR. 
Cycle Step Temperature [°C] Time [min] 
1
a 
 50 02:00 
2
b 
 95 15:00 
3 - 52 1 95 00:15 
 2
c
 55 00:30 
 3 72 00:30 
a 
Uracil-DNA Glycosylase inactivation. 
b
 Hot-start polymerase activation. 
c










Pseudomonas aeruginosa qPCR was carried out using two different probes: A FAM-
labelled TaqMan hydrolysis probe and SYBR Green as a general DNA-binding agent. 
TaqMan probe assay. For each qPCR run, a PCR reaction mix was created by 
mixing primers, probe solution, BSA, VeriQuestTM Probe qPCR Master Mix, and 
molecular-grade water. Optionally, a TaqMan Exogenous Internal Positive Control 
(IPC) comprising a VIC-labelled probe and synthetic DNA was administered, adjust-
ing the volume of water used (Table 2.18). In each well, 45 µl of PCR reaction mix 
were provided. Samples were analysed by adding 5 µl of the respective DNA extract. 
Template DNA was replaced with P. aeruginosa ATCC 10145 pure culture DNA 
extract as a positive control, or with molecular-grade water as a no-template control, 
respectively. When using an IPC, additionally a no-amplification control (NAC) had to 
be applied, controlling the IPC itself. For this, 5 µl of 10X Exo IPC Block solution were 
added instead of DNA template. Generally, samples were analysed in duplicates. 
However, when using the IPC, six replicates of NTC respectively NAC had to be run 
to ensure a 99.7 % confidence level. 
Quantification standards were set up using DNA extracted from pure cultures of P. 
aeruginosa ATCC 10145. The DNA content in the extract was measured via 
PicoGreen assay. The DNA extract was then ten-fold diluted serially to create a set of 
five standards with a P. aeruginosa DNA content ranging from 8 pg ml-1 to 80 ng ml-1. 
In order to obtain results comparable to Legionella qPCR, the units of the standards 
had to be converted to GU. Since no information regarding the genome weight of 
P. aeruginosa had been published so far, the author derived a simplified genome 
weight by correlating a genome length of approximately 6.3 Mbp and a GC content of 
66.6 % (Stover et al., 2000) with a bp weight for GC and AT of 618.14 Da and 617.43 
Da (Howe et al., 2009), respectively. A theoretical genome weight of 6.43 fg was 
obtained. Based on this value, the concentrations of the standards corresponded to a 
range from 6.22 GU to 6.22×104 GU per assay. 
A 2-step PCR with a combined annealing and elongation step was run for 40 cycles 
(Table 2.19), again following an initial UDG treatment and a denaturation step. 
Fluorescence emission by the FAM-labelled probe at a wavelength of 530 nm result-
ing from prior excitation at 490 nm was detected after each annealing step. Since 
restricted calibration of the qPCR instrument did not allow for detecting the VIC sig-
nal, the IPC was monitored by using the hexachloro-6-carboxyfluorescein (HEX) 
 




channel instead, which exhibits excitation and emission maxima similar to VIC (VIC: 
excitationmax = 538 nm, emissionmax = 554 nm; HEX: excitationmax = 535 nm, emis-
sionmax = 556 nm) (Bustin & Nolan, 2004). 
Table 2.18 PCR reaction mix for each sample in Pseudomonas aeruginosa qPCR using the TaqMan 
probe. 
Component Final concentration Volume [µl] 
PCR reaction mix - 45 
 VeriQuest
TM
 Probe qPCR Master Mix (2X) 1X 25 
 Forward primer Pa23FP 300 nM 1.5 
 Reverse primer Pa23RPb 300 nM 1.5 
 TaqMan probe Pa23FAM 200 nM 1 





 - 6 
  10X Exo IPC Mix
a 
1X 5 
  50X Exo IPC DNA
a 
1X 1 
 Water, molecular-grade - ad 45 
Template DNA / Water / Standard / 10X Exo IPC Block - 5 






Table 2.19 Temperature protocol used in Pseudomonas aeruginosa qPCR. 
 
Cycle Step Temperature [°C] Time [min] 
1
a 
 50 02:00 
2
b 
 95 10:00 







 Hot-start polymerase activation. 
c








SYBR Green assay. Pseudomonas qPCR using SYBR Green as a detection system 
was carried out under the same conditions as with using the TaqMan probe but with 
an adjusted PCR reaction mix (Table 2.20). Melt curve analysis was performed after 
each run. Temperature was raised by 0.5 °C every 15 s, starting from 55 °C to 95 °C. 
Fluorescence signal decrease was measured on-line as a function of temperature. 
The software automatically constructed a melt curve peak chart by plotting the first 
negative derivative of the fluorescence against the temperature. 
Table 2.20 PCR reaction mix per sample in Pseudomonas aeruginosa qPCR using SYBR Green. 
Component Final concentration Volume [µl] 
PCR reaction mix - 45 
 Maxima
TM
 SYBR Green/Fluorescein qPCR Master 
Mix (2X) 
1X 25 
 Forward primer Pa23FP 300 nM 1.5 
 Reverse primer Pa23RPb 300 nM 1.5 
 BSA 200 µg ml
-1
 1 
 Water, molecular-grade - ad 45 
Template DNA / Water / Standard - 5 
Total volume  50 
 
 
Data analysis and evaluation 
For quantification, the iQTM5 software automatically generates a standard curve 
based on the Ct values of the standards. PCR benchmarks are expressed in the 
correlation coefficient R2 and amplification efficiency (Eq. 1). Results are given as 
starting quantity (SQ) per well, corresponding to the amount of target GU per assay 
(5 µl of DNA extract). The baseline threshold value for all wells was manually set to 
the first cycle in which any amplification could be observed. Also, the fluorescence 
threshold was adjusted to be just above the baseline noise. These measures were 
done to improve both the correlation coefficient R2 and the PCR efficiency, with 
optimal values being ≥ 0.99 and 75 % to 125%, respectively. 
SQ values were translated to GU per litre (Eq. 2) using Microsoft Excel. The unit GU 
l-1 is established in literature for qPCR-based quantifications of bacteria in water. For 
theoretical considerations, quantitative results obtained for plankton samples (in GU l-
1) were further referenced to the wet weight of the plankton biomass analysed. A 
theoretical water content of the plankton of approximately 100 % was estimated in 
order to permit a weight-to-volume-based conversion of the results. Plankton sample 
results were thus expressed as genome units per kilogram plankton (GU kg-1). This 
 




conversion was mandatory in order to permit comparability amongst different 
plankton samples, and to be able to relate concentrations in the plankton samples to 
concentrations in the water samples. 
   
    
  ⁄   , (Kuiper et al., 2006) (Equation 1) 
 
E: PCR efficiency. 
s: Slope of the regression line. 
 
 
Detection limits and quantification limits were derived to check whether results were 
in the range of the standards. The detection limit (Ld) of a qPCR method for the 
detection of Legionella is defined as the lowest number of GU generating a positive 
result at a 90 % confidence limit (AFNOR XP T90-471, 2006). It corresponds to 5 GU 
per 5 µl DNA extract (5 GU/assay). Calculation is shown in Equation 5. Although be-
ing intended for detection of Legionella, it was also used for P. aeruginosa qPCR. 
The lower quantification limit (LQL) corresponds to the lowest number of copies 
allowing a reliable and accurate quantification as described in the AFNOR XP T90-
471 standard (2006). It was calculated for each method (also P. aeruginosa qPCR) 
according to Equation 6. The upper quantification limit on the other hand is defined 
as the value given by the highest quantification standard (Eq. 5). 
  
 





      
 
 (Equation 2) 
 
   
     
   
 (Equation 3) 
  
    
       
 
 (Equation 4) 
  
    
       
 
 (Equation 5) 
D: Dilution of the DNA in the assay. 
Ld: Detection limit [GU l
-1
]. 
LQL: Lower quantification limit [GU l
-1
]. 
Qs1: Concentration of the lowest standard [GU in 5µl]. 
Qs
h
: Concentration of the highest standard [GU in 5µl]. 
SQ: Starting quantity in a 5 µl assay [GU]. 
UQL: Upper quantification limit [GU l
-1
]. 
V: Sample volume filtered prior DNA extraction [l]. 
X: Target genome units per litre of sample [GU l
-1
]. 
Z: Factor to compensate for DNA loss during DNA extraction 
 
 
PCR inhibition was detected using the internal controls (Texas Red for Legionella 
spp. and L. pneumophila, VIC for P. aeruginosa). In the former case, Ct values of 
Texas Red revealed partial or complete inhibition, when they were either higher than 
the Ct of the highest standard or ‘N/A’ (not applicable - indicated by the qPCR 
software for the Ct of a sample when fluorescence did not rise above threshold). For 
P. aeruginosa qPCR, IPC validation was done using the qPCR instrument’s end-point 
detection function. NAC wells were labelled as negative controls, whereas NTC wells 
were labelled as positive controls. Judging from the end-point fluorescence of the 








2.13 Cultivation of plankton organisms 
2.13.1 Daphnia magna 
Stock cultures of Daphnia magna (approximately 20 of them per glass) were raised in 
glass beakers filled with 1 L of artificial Daphnia medium (ADaM) with saturating 
concentrations of Scenedesmus obliquus. Cultures were maintained static, at room 
temperature under 12 h light : 12 h dark photoperiod. Every 2 or 3 days the 
organisms were transferred into fresh ADaM. If the Daphnia clutched, the offspring 
were separated from the mothers and 20 each of the offspring were transferred into a 
beaker with freshly prepared ADaM.  
2.13.2 Scenedesmus obliquus 
Cultivation of the unicellular green algae Scenedesmus obliquus was performed in 
WCg Medium (see 2.3.6) with an 8500 K neon tube (UV spectrum between 450 and 
750 nm) and submerged air supply at room temperature. After 7 days the algae were 
harvested by centrifugation (17700 g, 5 min., 20 °C) and resuspended in ADaM and 
stored at 4°C until they were used for feeding the daphnids (maximum 1 week). 
2.14 Determination of toxicity of pathogens against Daphnia magna 
In order to use D. magna to measure bacterial pathogenitiy, the crustacean was 
exposed to the bacterial pathogens P. aeruginosa, E. faecalis and A. hydrophila (Le 
Codiac et al., 2012). 
Therefore bacteria were grown on nutrient agar at 36°C for P. aeruginosa and E. 
faecalis and at 30°C for A. hydrophila for 24 h. The overnight cultures were used to 
prepare bacterial suspensions in ADaM. According to Le Codiac et al. (2012) 
daphnids were exposed to bacterial concentrations of OD(600 nm)= 0.4, 0.8, 1.5 and 
3.0 for up to 28 h. An OD600= 3.0 was for example determined with approximately 
3.96 x 109 cells/mL and OD600= 1.5 relates to 1.86 x 10
9 cells/mL respectively. D. 
magna used for these experiments were between seven and ten days old. The ability 
of the bacteria to have a toxic effect on D. magna was assessed by incubating three 
daphnids in 1 mL of each concentration in a sterile Eppendorf tube under static 
conditions. Each tube was prepared in triplicate, daphnia in sterile ADaM were used 
as a control. Each hour live daphnids which were swimming around were 
discriminated from dead immobile ones that were located at the bottom of the tubes. 
 




2.15 Co-cultivation of Daphnia magna with selected bacterial strains 
2.15.1 Co-cultivation with Pseudomonas aeruginosa  
Pre-cultures of the organism P. aeruginosa PAO1 were grown on nutrient agar at 36 
°C for 24 h. 2 or 3 colonies were inoculated in LB-broth and incubated in a water bath 
with agitation at 36 °C for 18 h. Cells were harvested by centrifugation and the pellet 
was washed once in 10 mL sterile filtered ADaM. After centrifugation (1400 g, 10 
min., 4 °C) the pellet was resuspended in 10 mL sterile ADaM. The cell concentration 
was determined by using a Thoma counting chamber. 
D. magna used for these experiments were between seven and ten days old. A 
bacterial concentration of approximately 107 cells/mL was used for the co-cultivation 
with Daphnia. In each well of a 6-well plate 10 mL of the PAO1 suspension were 
transferred and 5 D. magna were added to each well (Figure 2.3). 
Additionally, wells containing 10 mL sterile ADaM and 5 Daphnia were cultivated. As 









Sampling of medium and daphnids occurred at time intervals of 0, 24 and 48 h.  
At time intervals the 5 Daphnia were collected from the wells, gently washed once in 
sterile ADaM for 5 minutes to remove nonadherent bacteria. Afterwards the gut of the 
daphnids was separated from the carapace by the use of two sterile pairs of tweezers 
(Figure 2.4). The carapace and leftover entrails were minced by use of a mortar, both 
samples were suspended separately in 1 mL sterile ADaM and diluted in sterile 
deionized water. By use of a swab the surface of the well was sampled, therefore the 
medium was removed of the well before and the well was rinsed once with 10 mL of 
sterile ADaM. The swab was resuspended in 2 mL sterile ADaM and afterwards 1 mL 
Figure 2.3: Co-cultivation of pathogens with D. magna:  
6-well plates with 10 mL of a bacterial suspension (10
8
 cells/mL) and 5 daphnids in each well. As 
controls, 5 daphnids in sterile ADaM without bacteria, and bacterial suspension without daphnids.  
Incubation occurred at roomtemperature (22-24°C) over a period of 48 h. 
 




each of the medium and the rinsingwater were diluted in sterile deionized water 
(Figure 2.5). 
Useful dilutions of all samples (bacterial suspension, Daphnia gut, Daphnia carapace, 
rinsing water, well surface) were plated onto nutrient agar and incubated at 36°C for 
24 h. Colonies between 30 and 300 were considered for enumeration. 
Additionally total cell counts were determined by use of the DAPI method. Therefore 
















Figure 2.4: Preparation of D. magna 
Lightmicroscopic pictures (magnification 100x) A D. magna before preparation; B Separated gut of D. 
magna; C Carapace of D. magna and leftover parts of the entrails. (Source: Miriam Tewes, Biofilm Centre, 









2.15.2 Co-cultivation with Aeromonas hydrophila 
For co-cultivation of Daphnia magna with A. hydrophila AH-1N pre-cultures were 
grown on nutrient agar. 2 or 3 colonies were inoculated in LB-broth and incubated in 
a water bath with agitation at 30 °C for 18 h. 
Further procedure see 2.15.1. 
Samples were plated onto ampicillin dextrin agar and incubated at 30°C for 24 h. 
 
2.15.3 Co-cultivation with Enterococcus faecalis 
For co-cultivation of Daphnia magna with E. faecalis pre-cultures were grown on 
nutrient agar. 2 or 3 colonies were inoculated in LB-broth and incubated in a water 
bath with agitation at 30 °C for 18 h. 
Further procedure see 2.15.1. 
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daphnids 
Figure 2.5 Overview oft he sampling procedure of co-cultivation experiments. One 







3.1 Association of hygienically relevant bacteria with plankton organisms in 
Lake Baldeney 
In the first part of the present study the association of hygienically relevant organisms 
with freshwater plankton was investigated in a field study at Lake Baldeney in 
Essen/Germany. At six sampling dates from April to September in the year 2010 the 
bacterial abundance, plankton taxa and physico-chemical parameter were 
investigated monthly. Overall a total of 42 samples (18 each for zoo- and 
phytoplankton plus 6 water samples) were investigated. Phytoplankton as well as 
zooplankton samples were taken at three transects across the lake (Figure 3.1).  
 
Figure 3.1 Schematic overview of Lake Baldeney. Red lines indicate transects 1, 2, and 3. The 
retaining wall impounding the River Ruhr is indicated as a black line. Flow direction of the river is from 
East (right) to West (left). 
 
With respect to the sampling location (T1, T2, T3), plankton samples were referred to 
as T1Z, T2Z, and T3Z for zooplankton, and T1P, T2P, and T3P for phytoplankton, 
respectively. A water sample was taken at transect 1 (T1). 
Due to the occasion of massive growth of the macrophyte Elodea nuttallii in Lake 
Baldeney in the year 2009, samples of the macrophyte were investigated to discover 







3.1.1 Physico-chemical characterization of surface water 
Physico-chemical parameters including pH value, water temperature, electric 
conductivity and oxygen concentration were measured on-site halfway along each 
transect approximately 30 cm below the water surface.  
At the same spots surface water samples were taken and the chemical parameters 
nitrite, nitrate, ammonia, phosphate, TOC and DOC were determined in the 
laboratory. Additionally to surface water samples, samples were also taken at the 
lake bottom. An overview of the physico-chemical parameter of the surface water 
samples is shown in Table 3.1 and parameter of the water samples taken at the 
bottom are shown in Table 3.2. 
The results indicated that there are no considerable differences between the surface 
and the ground water samples. Also there is no seasonal dependency, except for the 
temperature and the oxygen concentration (Table 3.1, yellow framed). The temporal 
courses of water temperature and oxygen concentration in surface water samples 
and of the bottom are shown in Figure 3.2. These two parameters are of interest, 
because they might have an important influence on bacterial abundance. 
The water temperature at the surface varied between 10.4°C and 27.1 °C, with its 
maximum at the sampling date in July. The water temperature at the bottom was 
between 11.7°C and 20.1 °C with its maximum in May and the lowest temperature in 
June.  
In surface water samples an oxygen concentration with a minimum of 70.2 % and an 
oversaturation with a maximum of 146.8% in July were determined. In bottom water 
































































































Bottom Temperature Oxygen concentration
Figure 3.2 Temporal course of mean water temperature and oxygen concentration of surface water 


















































April T1 10.5 7.8 460 10.9 98.0 2.1 2.2 1.9 1.6 1.4 52.0 0.4 0.2 0.1 9.8 
  T2 10.4 7.8 455 10.7 95.3 1.2 2.8 2.0 1.8 1.5 50.0 0.3 0.2 0.1 5.5 
  T3 10.6 7.9 460 10.7 96.9 4.5 2.0 1.9 1.7 1.2 44.0 0.4 0.2 0.1 12.8 
May T1 12.3 6.9 87.5 9.3 88.2 2.1 3.7 3.4 2.0 1.3 42.0 0.5 0.4 0.2 14.2 
  T2 12.3 7.7 96.7 10.0 94.6 1.8 4.3 3.5 1.4 1.0 56.0 0.3 0.3 0.1 7.6 
  T3 12.1 7.6 89 9.4 89.6 2.5 3.4 3.2 1.4 1.0 56.0 0.4 0.2 0.1 8.7 
June T1 20.6 7.6 590 8.9 101.9 1.1 4.2 3.2 2.5 1.5 70.0 0.4 0.2 0.3 13.3 
  T2 20.0 8.0 607 7.4 87.4 0.8 4.5 3.2 2.5 1.6 84.0 0.5 0.1 0.0 6.0 
  T3 20.6 7.5 586 6.2 70.2 1.2 3.4 3.1 2.5 1.6 82.0 0.5 0.3 0.1 11.8 
July T1 26.3 7.7 514 11.7 146.8 0.9 4.2 3.7 2.2 1.5 82.0 0.4 0.2 0.1 10.1 
  T2 27.1 7.8 527 9.8 125.3 0.9 4.2 3.7 2.3 1.5 88.0 0.5 0.6 0.1 5.3 
  T3 26.3 7.6 509 7.1 112.4 1.1 3.9 3.6 2.1 1.5 82.0 0.4 0.2 0.1 9.8 
August T1 19.4 7.4 419 7.1 79.0 1.1 4.2 3.3 1.8 0.9 30.0 0.8 0.1 0.0 12.4 
  T2 20.1 7.6 504 7.1 79.0 1.1 3.6 3.1 1.9 0.8 24.0 0.7 0.1 0.0 5.4 
  T3 19.4 7.7 431 7.8 85.3 1.0 4.1 3.2 2.0 1.1 30.0 0.7 0.1 0.0 5.3 
September T1 16.0 7.2 542 9.5 95.4 1.8 2.5 2.4 1.0 0.7 20.0 0.7 0.1 n.d. 2.1 
  T2 16.1 7.7 530 7.6 76.8 2.4 2.4 2.2 2.0 0.7 16.0 0.7 0.2 0.0 3.5 
  T3 16.1 7.7 530 9.0 91.9 2.2 2.4 2.3 1.6 0.7 18.0 0.7 0.1 0.0 4.6 















































April T1 3.9 n.d. n.d. n.d. n.d. n.d. 2.5 1.9 1.9 1.4 48.0 0.4 0.2 0.1 9.5 
  T2 3.0 n.d. n.d. n.d. n.d. n.d. 3.0 2.0 2.0 1.5 56.0 0.4 0.2 0.1 17.8 
  T3 5.6 n.d. n.d. n.d. n.d. n.d. 2.0 1.9 2.0 1.4 60.0 0.3 0.1 0.1 5.7 
May T1 4.6 17.9 7.3 777 8.10 83.5 7.5 3.5 1.8 1.2 58.0 0.5 0.4 0.2 8.1 
  T2 6.0 19.9 7.6 635 6.63 72.0 4.2 3.2 1.5 1.1 58.0 0.4 0.4 0.1 6.9 
  T3 5.0 20.1 7.5 611 7.80 46.2 3.4 3.1 1.8 1.3 58.0 0.5 0.3 0.1 11.2 
June T1 3.3 12.4 7.3 87,6 8.87 83.5 3.9 3.4 2.4 1.6 78.0 0.4 0.1 0.0 12.6 
  T2 2.0 11.8 7.7 96,6 9.37 88.4 4.0 3.5 2.5 1.6 90.0 0.5 0.2 0.1 10.4 
  T3 5.0 11.7 7.4 88,2 9.23 87.0 3.4 3.1 2.4 1.7 92.0 0.6 0.3 0.0 12.2 
July T1 3.8 19.2 7.5 439 7.48 79.1 4.6 3.3 2.5 1.5 80.0 0.4 0.6 0.1 10.0 
  T2 5.8 19.9 7.7 505 7.69 78.8 3.5 3.0 2.2 1.5 80.0 0.5 0.5 0.1 9.8 
  T3 6.2 19.2 7.7 433 7.67 85.0 4.0 3.2 2.5 1.5 84.0 0.5 0.6 0.1 11.8 
August T1 3.5 19.2 7.5 439 7.48 79.1 4.6 3.3 2.6 1.4 43.0 0.7 0.2 0.0 13.7 
  T2 5.9 19.9 7.7 505 7.69 78.8 3.5 3.0 0.8 0.7 30.0 0.6 0.0 0.0 8.2 
  T3 4.5 19.2 7.7 433 7.67 85.0 4.0 3.2 1.2 0.9 30.0 0.6 0.1 0.0 6.9 
September T1 3.5 15.8 7.1 543 9.38 95.2 2.8 2.2 1.8 0.9 20.0 0.7 0.1 0.0 2.4 
  T2 5.0 15.9 7.7 535 7.30 73.4 2.6 2.3 2.0 1.0 30.0 0.7 0.1 0.0 11.5 
  T3 6.1 16.0 7.6 531 8.91 89.5 2.4 2.2 1.8 0.6 40.0 0.6 0.1 0.0 4.8 






3.2 Abundance and identification of plankton organisms 
Sampling of plankton was carried out using different plankton nets for phytoplankton 
(55 µm) and zooplankton (200 µm) along diagonal hauls from the lake bottom up to 
the surface. The concentrations and the taxa of the phyto- and zooplankton were 
determined microscopically according to the recommendations of Mischke and 
Behrendt (2007) and the German Limnological Society (DGL, 2007) for 
phytoplankton, whereas Kiefer & Fryer (1978) was used for zooplankton. 
Table 3.3 shows mean values of individual concentrations determined in phyto- and 
zooplankton samples during the sampling season. Highest abundance of 
phytoplankton organisms could be detected in May, June and July with up to 1010 
individuals/m3. The temporal course in Figure 3.3 shows an increase of zooplankton 
according to the decrease of phytoplankton abundnace. Zooplankton was determined 
with a maximum in July with up to 105 individuals/m3. 
This seasonal trend can be explained by zooplankton organisms grazing on 
phytoplankton unitl the so called clear water state is reached, where phytoplankton is 
almost eliminated by zooplankton grazing. 
Table 3.3 Means of plankton organism  










Identified plankton species are shown in Table 3.4 and 3.5. Among phytoplankton 
organisms members of the diatoms represented the highest amount. Followed by 
Melosira sp. which was found in all samples. Other diatom species detected in 
phytoplankton samples were Fragilaria sp., Niztschia sp., Asterionella sp. and 
Synedra sp. 
 Phytoplankton Zooplankton 
April 4.4 x 10
9
 9.3 x 10
1
 
May 2.0 x 10
10
 2.2 x 10
3
 
June 1.9 x 10
10
 9.6 x 10
2
 
July 1.3 x 10
10
 3.2 x 10
5
 
August 1.4 x 10
9
 3.2 x 10
4
 
September 5.2 x 10
9


















Figure 3.3 Temporal course of phyto- and 









Chlorophyta sp., Scenedesmus sp. and Pediastrum sp. for example were the most 
abundant green algae determined in the samples. Cyanobacteria species found in 
2010 were Oscillatoria sp., Spirulina sp. and Anabena sp.. Among the class 
chrysophyceae Dinobryon sp. was the only present species of golden algae in 
phytoplankton samples. 
The most abundant species of zooplankton detected in the samples belong to to the 
group of Rotatoria (Table 3.5). Most of the other detected species were member of 
the Crustacea, mainly the subclasses Cladocera and Copepoda, e.g. Daphnia sp., 










April May June July August September 
T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3 




 1 x 10
9




 4 x 10
9
 1 x 10
9
 9 x 10
8




 1 x 10
8
 0 




 2 x 10
8
 5 x 10
8
 1 x 10
9
 3 x 10
8
 2 x 10
9
 4 x 10
8
 4 x 10
8
 2 x 10
9
 4 x 10
8
 1 x 10
9
 8 x 10
7
 3 x 10
8
 5 x 10
7
 9 x 10
8
 6 x 10
8
 7 x 10
8
 
Fragilaria sp. 7 x 10
7






 2 x 10
9
 9 x 10
8
 2 x 10
9
 4 x 10
8
 7 x 10
8
 6 x 10
8
 1 x 10
8
 3 x 10
8
 9 x 10
7
 7 x 10
7
 2 x 10
7
 1 x 10
8
 6 x 10
7
 2 x 10
8
 






 2 x 10
8
 2 x 10
8
 6 x 10
8
 4 x 10
7
 2 x 10
8
 1 x 10
8
 3 x 10
9
 2 x 10
8
 6 x 10
7
 6 x 10
7
 6 x 10
7
 2 x 10
8
 2 x 10
8
 4 x 10
8
 








 1 x 10
9
 2 x 10
8
 1 x 10
9
 4 x 10
8
 3 x 10
8
 4 x 10
7
 0 2 x 10
7
 1 x 10
7
 3 x 10
7
 6 x 10
6
 3 x 10
7
 1 x 10
8
 0 
Scenedesmus sp. 0 0 0 5 x 10
7
 1 x 10
9
 4 x 10
7
 1 x 10
9
 1 x 10
9
 3 x 10
8
 0 6 x 10
7
 1 x 10
7
 0 0 0 0 9 x 10
7
 0 
Pediastrum sp. 2 x 10
7 




 1 x 10
8
 9 x 10
7
 3 x 10
8
 8 x 10
7
 1 x 10
8
 9 x 10
7
 1 x 10
9
 6 x 10
7
 0 5 x 10
7
 0 3 x 10
8
 1 x 10
8
 2 x 10
8
 
Micractinium sp. 0 0 0 0 0 0 0 0 0 4 x 10
8
 2 x 10
9
 1 x 10
8
 0 0 0 0 0 0 








 2 x 10
9
 9 x 10
7
 7 x 10
7
 4 x 10
7
 3 x 10
7
 0 0 0 0 0 0 0 0 0 




 3 x 10
7
 2 x 10
8
 5 x 10
8
 9 x 10
7
 1 x 10
8
 7 x 10
7
 1 x 10
7
 4 x 10
8
 4 x 10
7
 3 x 10
7
 6 x 10
7
 8 x 10
7
 3 x 10
7
 1 x 10
8
 8 x 10
7
 1 x 10
8
 
Synedra sp. 2 x 10
6
 3 x 10
6
 1 x 10
7
 9 x 10
7
 7 x 10
8
 4 x 10
7
 5 x 10
8
 2 x 10
8




 1 x 10
7
 0 0 0 0 5,E+06 0 0 
Spirulina sp. 0 2 x 10
8
 0 0 0 1 x 10
8
 0 0 0 3 x 10
8
 0 0 0 3 x 10
7
 3 x 10
7
 1 x 10
8
 0 0 
Dinobryon sp. 0 0 0 9 x 10
7
 2 x 10
8
 5 x 10
7
 7 x 10
6
 2 x 10
8
 0 6 x 10
7
 0 0 0 0 2 x 10
7
 3 x 10
7
 6 x 10
7
 0 
Nitzschia sigmoidea 3 x 10
6
 5 x 10
6
 1 x 10
7
 2 x 10
7
 6 x 10
7
 4 x 10
7
 1 x 10
7
 1 x 10
7
 9 x 10
6
 4 x 10
6
 7 x 10
6
 0 2 x 10
7
 1 x 10
7
 1 x 10
7
 4 x 10
7
 2 x 10
7
 4 x 10
7
 
Ceratium sp. 0 0 0 0 0 0 4 x 10
6
 0 4 x 10
6
 4 x 10
6
 1 x 10
7
 6 x 10
7
 2 x 10
6
 3 x 10
7
 1 x 10
6
 5 x 10
6
 4 x 10
6
 6 x 10
6
 
Surirella sp. 0 0 1 x 10
6
 4 x 10
6
 6 x 10
6
 6 x 10
6
 7 x 10
6
 1 x 10
7
 0 3 x 10
6
 7 x 10
6
 0 5 x 10
6
 5 x 10
6
 3 x 10
6
 1 x 10
7
 1 x 10
7
 2 x 10
7
 
Cymbella sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 x 10
6
 0 0 8 x 10
7
 
Nitzschia acicularis 0 0 0 5 x 10
6
 4 x 10
7
 1 x 10
7
 7 x 10
6
 0 5 x 10
6
 3 x 10
6
 0 0 0 0 2 x 10
6
 0 4 x 10
6
 0 
Gyrosigma sp. 1 x 10
6
 1 x 10
6
 2 x 10
6
 6 x 10
6
 6 x 10
6
 7 x 10
6
 0 0 0 3 x 10
6
 7 x 10
6
 0 4 x 10
6
 3 x 10
6
 3 x 10
6
 2 x 10
7
 4 x 10
6
 9 x 10
6
 
Meridion circulare 0 0 0 0 0 0 0 0 1 x 10
7
 0 0 0 0 0 0 0 0 5 x 10
7
 
Anabaena sp. 0 5 x 10
7
 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Closterium sp. 0 0 0 0 0 0 0 0 0 1 x 10
7
 0 0 4 x 10
6
 1 x 10
6
 2 x 10
6
 1 x 10
7
 7 x 10
6
 6 x 10
6
 
Cymatopleura sp. 0 <1 <1 3 x 10
6
 0 3 x 10
6
 0 4 x 10
6
 3 x 10
6
 0 0 0 0 1 x 10
6
 3 x 10
6
 5 x 10
6
 0 0 
Centrales non det. 2 x 10
6
 3 x 10
6
 <1 5 x 10
6
 0 6 x 10
6
 4 x 10
6
 0 3 x 10
6
 0 0 0 0 0 0 0 0 0 











April May June July August September 
T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3 
Rotatoria non det. 2 1 2 100 200 8 60 300 40 3000 158000 2000 0 0 0 0 0 0 
Ciliata non det. 0 0 0 0 0 0 0 0 0 0 140000 0 0 13000 0 0 0 0 
Parapodophyra sp. 0 0 0 0 0 0 0 0 0 0 0 0 18000 0 0 0 0 0 
Cladocera non det. 7 6 6 200 300 200 40 200 30 3000 12000 400 100 40 300 20 10 10 
Cyclopoida non det. 10 10 8 400 0 200 40 100 7 600 2000 100 30 10 50 10 0 20 
Bosmina sp. 2 0 0 200 100 50 1 0 0 0 0 0 0 0 0 0 0 0 
Nematoda non det. 3 10 8 40 5 50 1 30 20 0 0 0 6 1 8 2 2 2 
Daphnia sp. 0 0 0 20 50 10 5 4 3 0 0 0 20 0 40 2 0 2 
Polyphemus sp. 0 0 0 0 0 8 0 0 0 0 0 0 8 60 10 0 0 4 
Calanoida non det. 2 0 1 0 0 10 5 20 0 0 0 0 0 6 0 0 0 0 
Harpacticoida non det. 1 2 1 2 0 20 0 6 1 0 0 0 0 0 0 0 0 0 
Acari non det. 0 0 0 2 0 0 5 10 0 0 0 4 0 0 0 1 0 0 
Ostracoda non det. 0 0 0 0 0 0 0 6 0 0 0 0 2 1 0 0 0 0 






3.3 Detection of target organisms with cultural methods in water and plankton 
samples of Lake Baldeney 
In a six month sampling campaign the association of hygienically relevant 
mircoorganisms with freshwater phyto- and zooplankton was elucidated and 
compared to organisms in the surrounding water column of Lake Baldeney in 
Essen/Germany. The investigated organisms with facultative pathogenic properties 
can be divided in three main groups: faecal indicator bacteria (e.g. Escherichia coli, 
coliforms, intestinal enterococci, Clostridium perfringens), obligate pathogens of 
faecal origin (e.g. Campylobacter spp.), and environmental opportunistic bacteria 
(e.g. some coliforms, Pseudomonas aeruginosa, Aeromonas spp., Legionella spp.). 
The overall aim was to assess whether the bacteria are more frequently found in a 
planktonic state in the water phase or in association with plankton.  
General bacterial abundance (total cell counts, HPC bacteria) and potentially 
pathogenic bacteria were detected with cultural methods. Additionally determination 
of the organisms P. aeruginosa and Legionella spp were carried out by with 
molecular methods, such as FISH and qPCR. Furthermore the occurrence and 







3.3.1 Distribution and proportion of bacteria in surface water and associated 
with plankton 
The overall bacterial abundance of all surface water and plankton samples was 
investigated by microscopically determination total cell counts (DAPI method) and 










Concentrations of bacteria obviously did not follow a seasonal pattern. Total cell 
counts as well as colony counts in plankton exceeded the concentrations in water by 
two to three orders of magnitude when referred to the plankton wet weight. 
The percentage of culturable heterotrophic bacteria in water ranged from 0.09 – 0.78 
%. The fraction of culturable bacteria on the total counts were significantly higher in 
the plankton samples compared to the water sample. The culturability varied between 
0.29 and 2.30 % in the phytoplankton samples and was between 0 and 8.3 % in 
zooplankton samples. 
The geometric mean values for total cell counts (Table 3.6) were one order of 


























































































































Figure 3.4: Total cell counts (TCC) and colony counts (HPC) of surface water and plankton samples.  
Investgation of TCC bx microscopically determination using the DAPI method, HPC bacteria were 
determined by colony counts on R2A medium. Results are given in cells or cfu/100 mL water and cells or 
cfu/100 g wet weight plankton respectively. Sampling occurred over a period of six month (n = 6), 






for heterotrophic plate counts were determined two orders of magnitude higher for 
plankton than in the water column. 
Table 3.6 Geometric mean values for total cell counts (cells/100 mL water or 100 g wet weight 
plankton) and HPC bacteria (cfu/100 mL water or 100 g wet weight plankton) for water and plankton 
 Sample Geometric mean values  
Total cell counts 
(cells/100 mL or 100 g) 
Water 2.2 x 10
9 
Phytoplankton 9.7 x 10
10 
Zooplankton 3.3 x 10
10 
Heterotrophic plate counts 
(cfu /100 mL or 100 g) 
Water 5.7 x 10
6
 
Phytoplankton 7.8 x 10
8
 
Zooplankton 1.6 x 10
8
 
If concentrations of general bacterial abundance were referred to the volume of water 
which was filtered through the plankton net during sampling (approximately 1250 L 
phytoplankton, 9000 L zooplankton) (Figure 3.5), the distribution is different 
compared to results shown in Figure 3.4. Bacteria present in water were enhanced, 
notably from April till July, exceeding those in plankton up to two log units. In the 
months July and August, total cell counts in water differed in one order of magnitude 
compared to those of plankton. However, quantities of culturable bacteria were 





















Concentration (cells or cfu/100 mL) 
Water TCC Water HPC Plankton TCC Plankton HPC
Figure 3.5 Concentrations of total cell counts (TCC) and HPC bacteria in water and plankton 
samples per 100 mL. Results for plankton were referred to the sampled volume of water which 
was filtered through the plankton net while collecting plankton (1250 L for phytoplankton and 












The results indicated that there is an accumulation of bacteria on plankton, referred 
to the plankton mass. Also they showed an elevated percentage of culturability 
compared to those bacteria in water. The culturablilty seems to be enhanced due to 
favourable nutrient conditions for bacteria living in communitiy with plankton 
organisms. 
If plankton samples are referred to the sampled water volume they reflect only a 
minor fraction of the general bacterial concentrations when they were compared to 
the whole water environment of Lake Baldeney. As an example the distribution in 
percent of total cells between water, phyto and zooplankton in the month August is 
illustrated in Figure 3.6. 
 
  
Figure 3.6 Distribution of total cell counts (in %) in the free water, 
phytoplankton and zooplankton in Lake Baldeney in the month August. 






3.3.2 Detection of organisms of faecal origin in surface water and plankton 
Organisms of faecal origin including total coliforms, E. coli, intestinal enterococci and 
C. perfringens were determined in surface water and plankton samples. 












The results indicated that plankton displayed higher cell densities of organism with 
faecal origin compared to the overlying water. In the seasonal course of the six 
sampling dates, the warmer month July and August showed slightly elevated 
concentrations.  
Geometric mean values calculated for phyto- and zooplankton (Figure 3.8) indicate 
no differences in bacterial quantities compared to each other. In comparison to the 







































Water Coliforms E. coli



















































































Figure 3.7: Concentrations of organisms with faecal origin. 
Concentrations of total coliforms, E. coli, intestinal enterococci and C. perfringens determined detected by 
cultural methods in water and plankton samples over a period of six month (n = 6). Bars of plankton 






All organisms of faecal origin could be detected in all water as well as plankton 
samples. Between phyto- and zooplankton samples there are no major differences in 
the determined concentrations. On theoretical basis the concentrations of the faecal 
indicator organisms with plankton are higher in comparison to water, which is obvious 




















































Coliforms E. coli intestinal enterococci C. perfringens
Figure 3.8 Geometric mean values of concentrations of organisms of faecal origin (coliforms, E. 






If plankton samples were referred to the sampled water volume they reflect only a 
minor fraction of the coliforms, E. coli an intestinal enterococci when they were 
compared to the free water phase of Lake Baldeney except for August and 
September (Figure 3.9). C. perfringens is found in similar concentrations in May and 















Concentration (MPN or cfu/ 100 mL) 











Concentration (cfu/ 100 mL) 
Water enterococci Water C. perfringens Plankton enterococci Plankton C. perfringens
Figure 3.9 Concentrations of organisms with faecal origin in water and plankton samples per 100 mL. 
Results for plankton were referred to the sampled volume of water which was filtered through the 






The results indicated that plankton displayed higher cell densities referred to the wet 
weight of plankton which represents the high local population of faecal indicator on 
the plankton organisms. The bacterial concentrations on plankton compared to the 
situation in the entire surface water, indicate that they reflect only a minor fraction.  
However, the concentrations of C. perfringens were similar or exceeded those in in 
water during the sampling period. Concentrations of total coliforms, E. coli and 
intestinal enterococci were higher than those in the free water in the month of August 
and September. 
In addition to the quantification of coliforms and intestinal enterococci, the systems 
API® 20 E and API® rapid ID 32 were used respectively to evaluate the presence of 
clinically important species. Therefore selected isolates of coliforms and intestinal 
enterococci from four sampling dates (June, July, August and September 2010) were 
tested. Identification of coliforms and intestinal enterococci reflected a variety of 







Table 3.7 Identified species of coliforms and intestinal enterococci in water and plankton samples of 
four exemplary sampling dates (June- September 2010). In brackets number of samples which were 
positive for the species identified. (n.d., not determined) 
 
Coliforms Intestinal enterococci 
June 
Water 
Citrobacter coseri/farmeri (1) 
Enterobacter cloacae (2) 
Klebsiella pneumoniae (1) 
Enterococcus casseliflavus (4) 
 
Phytoplankton 





Escherichia coli (3) 
Klebsiella pneumoniae (1) 
 
Enterococcus casseliflavus (1) 
Enterococcus faecium (3) 
Enterococcus hirae (4)  
Phytoplankton 
Enterobacter cloacae (6) 
Escherichia coli (6) 
Klebsiella oxytoca (1) 
n.d. 
Zooplankton 
Escherichia coli (5) n.d. 
August 
Water 
Enterobacter sakazakii (1) 
Escherichia coli (5)  
Klebsiella pneumoniae (5) 
 
 
Enterococcus casseliflavus (2) 
Enterococcus durans (1) 
Enterococcus faecalis (5) 
Enterococcus gallinarium (2) 
Enterococcus hirae (4) 
Phytoplankton 
Enterobacter cloacae (4) 
Escherichia coli (2) 
Klebsiella pneumoniae (5) 
n.d. 
Zooplankton 
Citrobacter freundii (1) 
Enterobacter cloacae (1) 
Enterobacter sakazakii (1) 
Escherichia coli (2) 
Klebsiella oxytoca (1) 




Escherichia coli (7) 
Klebsiella oxytoca (2) 
Klebsiella pneumoniae (4) 
Kluyvera spp. (2) 
Enterococcus casseliflavus (3) 
Enterococcus durans (1) 
Enterococcus faecalis (1) 
Enterococcus faecium (8) 
Enterococcus gallinarium (1) 
Enterococcus hirae (1) 
Phytoplankton 
Enterobacter cloacae (4) 




Citrobacter braakii (1) 







3.3.2.1 Determination of C. perfringens spores 
In order to examine the presence of C. perfringens endospores the samples of water 
and plankton were pasteurized (80°C, 10 min.). The amount of spores of four 
sampling dates (June, July, August and September 2010) was determined and 
results are illustrated in Figure 3.10. 
The amount of 100 % of spores corresponds to colony counts on selective agar 















The highest amounts of spores were found in the water samples, whereas the results 
of plankton were lower with a percentage of 0.84 % for phytoplankton and 16.08 % 
spores in zooplankton samples.  
Table 3.8 shows absolute values of vegetative C. perfringens cells and their spores in 
comparison to endospores alone which were determined by colony counts on m-CP 
agar after pasteurization. Although quantities of absolute C. perfringens 
concentrations in plankton samples exceeded those of water by two to four log units. 
Furthermore the percentage of spores was the highest in water.  
Table 3.8 Arithmetical mean values of colony counts of vegetative C. perfringens cells and 
endsospores in water and plankton samples 













































Figure 3.10 Proportion of C. perfringens spores. 
Amount of C. perfringens spores determined by pasteurization (80°C, 10 min.) of water, and plankton 







Presumably C. perfringens undergo better nutrient conditions when existing in 
association to plankton and therefore develop endospores when living in the water 
column due to environmental stress such as starvation.  
 
3.3.3 Detection of the human pathogen Campylobacter spp. 
As a member of obligate human pathogens the presence of the organism 
Campylobacter spp. was investigated in water and plankton. Detection occurred 
qualitatively and isolates of positive samples were analyzed with the API® Campy 
identification system. Species that were identified (Table 3.9) included 
Campylobacter coli which was found in three out of six water samples and the 
species Campylobacter jejuni which was obtained in one out of six water samples. In 
plankton samples the presence of Campylobacter spp. could not be confirmed. 
Table 3.9 Campylobacter species identified from six water, phyto- and zooplankton samples. In 
brackets, number of samples which were positive for the species identified. 
Sample Identified Campylobacter species 
Water 
Campylobacter coli (3) 




These findings indicate that Campylobacter spp. seem to prefer the free water phase 
as environment, or that they might exist in the VBNC state when they are associated 






3.3.4 Detection of environmental pathogens in surface water and in 
association with plankton 
The concentrations of the opportunistic pathogens Aeromonas spp, P. aeruginosa 
and Legionella spp. were determined with cultural methods. The concentrations of 



















The presence of Aeromonas spp. in water samples was up to five orders of 
magnitude lower concentrations compared to the overlying water column and 
remained constant during the sampling season. In plankton samples an increase of 
concentration could be observed in July, especially for zooplankton, also in August 
and September. The determination of P. aeruginosa revealed low concentrations in 
water samples and was below the detection limit in September. In plankton samples 
the concentration of P. aeruginosa was theoretically higher compared to water. 
Except for July where the determined concentration reached a maximum in all 







































































































































Figure 3.11 Concentrations of Aeromonas spp, and P. aeruginosa in surface water and plankton 
samples.  
Determination with cultural methods on selective agar over a period of 6 month. Bars of plankton samples 






In zooplankton samples P. aeruginosa was observed also two times below the 
detection limit which was calculated in relation to the determined plankton mass with 
6.5 x 104 MPN/100 g wet weight and 1.7 x 105 MPN/100 g wet weight. 
The geometric mean values (Figure 3.12) show that the local density of the two 
investigated opportunistic pathogens on plankton, particularly on phytoplankton, was 











If plankton samples were referred to the sampled water volume the concentrations of 
Aeromonas spp. and P. aeruginosa showed compared to the free water less 
differences in the months April till June (Figure 3.13). Aeromonas spp. quantities in 
plankton samples exceeded those in water in July, August and September. The same 












Water Phytoplankton Zooplankton Water Phytoplankton Zooplankton




































Figure 3.12 Geometric mean values for Aeromonas spp. and P. aeruginosa in water and plankton 

















Concentration (cfu or MPN/100 mL) 
 
Water Aeromonas spp. Water P. aeruginosa
Plankton Aeromonas spp. Plankton P. aeruginosa
Figure 3.13 Concentrations of Aeromonas spp. and P. aeruginosa in water and plankton samples per 
100 mL. Results for plankton were referred to the sampled volume of water which was filtered through 
the plankton net while collecting plankton (1250 L for phytoplankton and 9000 L for zooplankton) 
 
When bacterial concentrations of all samples on plankton were referred to the total 
abundance in the aquatic environment the findings were different compared to those 
referred to the plankton wet weight. The plankton microhabitats represent enhanced 
concentrations of pathogens, although they account only for a minor fraction in the 
entire surface water. Remarkable are the elevated concentrations in the samples of 
August and September where the quantities exceeded those in water for instance 







Moreover 13 isolates of Aeromonas spp. from water and plankton samples were 
analyzed by 16S rDNA sequencing (Table 3.10). The analysis identified 11 isolates 
as A. hydrophila with a probability of 94 – 99%. This species showed homology to 
ATCC type strain 7966. Furthermore, one species isolated from phytoplankton was 
identified as A. salmonicida (probability 96%) and one isolate could not be identified 
and is nominated as ‘none’. 
Table 3.10 Aeromonas species identified by 16S rDNA sequencing analysis of 13 isolates from 
surface water and plankton. In brackets, number of samples which were positive for the species 
identified 
Sample Identified Aeromonas species 
Water Aeromonas hydrophila (5) 
Phytoplankton 
Aeromonas hydrophila (2) 
Aeromonas salmonicida (1) 
‘None’ (1) 
Zooplankton Aeromonas hydrophila (4) 
Legionella spp. was never detected neither in water nor in plankton over the whole 
sampling period of six months with cultural methods. Detection limits for Legionella 
spp. were calculated on the basis of the assumption that at least 1 cfu/100 mL or 100 
g plankton might have been detected. Hence, the detection limit in water was 1.0 
cfu/100 mL. Detection limits on plankton were calculated in relation to the sampled 
plankton mass and were 3.7 x 104 cfu/100 g wet weight for phytoplankton and 2.2 x 
105 cfu/100 g wet weight of zooplankton. 
 
3.3.5 Distribution of pathogens in a filtered water sample 
In order to determine if there is a significant difference of bacterial abundance in a 
water sample compared to a plankton-free water sample, at three sampling dates 
water was filtered through a plankton net (mesh size 55 µm) and therefore 
considered as plankton-free. 
The exemplary investigation of total cell counts, heterotrophic plate counts, coliforms 
and E. coli in plankton-free water showed no differences compared to the water 







3.3.6 Detection of target organisms with culture independent methods  
Since many opportunistic pathogens, such as P. aeruginosa and Legionella spp., are 
known to enter the viable but nonculturable state, it is of interest to determine their 
number with molecular methods, like FISH and quantitative PCR, additionally to 
cultural methods.  
Figure 3.14 shows results for P. aeruginosa, Legionella spp. and L. pneumophila 
quantified with qPCR in water and plankton in comparison to total cell counts and 













The results show that by the use of culture independent methods the determined 
bacterial concentrations of P. aeruginosa and Legionella spp. were higher in both 
water and plankton samples compared to the quantities of cultural detection. 
Legionella spp. was never detected with cultural methods, but in high densities with 
qPCR. If the concentrations of the pathogens in water and those associated with 
plankton are assumed equal for hypothetical comparison, the local densites of the 
bacteria asoociated with plankton were magnitudes higher than those of bacteria 
Figure 3.14 Quantification of P. aeruginosa and Legionella spp. in water and plankton samples with q PCRin 
comparison to total cell counts (TCC) and colony counts (HPC bacteria).  







































Water Total cell counts HPC bacteria






























































































living in the water column. A slightly peak was also notable in zooplankton in 
comparison to phytoplankton samples, especially in the month July.  
If qPCR results are compared to total cell counts, the difference displays about five 
orders of magnitude in water and about 2 orders of magnitude in plankton samples. 
 
FISH-results of the opportunistic pathogens P. aeruginosa, Legionella spp. and L. 
pneumophila could be detected and quantified in all water samples during the six 
month of sampling. Concentrations of the three organisms were around 106 cells/100 


































P. aeruginosa Legionella spp. L. pneumophila
Figure 3.15 Concentrations of FISH positive cells of the opportunistic pathogens P. aeruginosa 
(probe Psae 16S-182), Legionella spp. (probe LEG705) and L. pneumophila (LEGPNE1) in water 






In Figure 3.16 the comparison of cultural and molecular detection of P. aeruginosa, 









The results show that the molecular methods revealed higher concentrations with up 
to 2 log units with qPCR and up to 5 log units with FISH compared to cultural 
detection for P. aeruginosa. Legionella spp. and L. pneumophila which were not 
detected with cultural methods, were found in high concentrations by use of culture 







































Water TCC cultural qPCR FISH
Figure 3.16 Comparison between cultural and molecular methods of the water samples. 
Total cell count of the water samples and concentration of P. aeruginosa using cultivation methods 
(enrichment in malachite green broth), FISH (probe Psae-16S – 182) and qPCR (Taqman probe), 
Legionella spp. using cultivation (GVPC-Agar) and FISH (probe LEG 705) and qPCR (FAM-490) and 
L. pneumophila using cultivation (GVPC-Agar), FISH (probe LEGPNE 1) and qPCR (FAM-490). (n = 6 






3.3.7 Microorganisms associated with the macrophyte Elodea nuttallii 
In aquatic environments there are different surfaces available for bacteria to attach 
and for biofilm formation. Due to the massive growth of the macrophyte Elodea 
nuttallii in the year 2009 it was obvious to investigate whether there is an 
accumulation of bacteria on the surface of the waterplant. Figure 3.17 shows the 
overall bacterial abundance with total cell counts and heterotrophic plate counts 






Water temperature during Elodea sampling ranged between 21.3 °C in July, 22.5 °C 
in August and 11.3 °C in October.  
The bacterial abundance, determined by total cell counts and heterotrophic plate 
counts, was enhanced with one to three orders of magnitude by presence of E. 
nuttallii compared to the results of the overlying water. This indicates that the nutrient 




















































































Figure 3.17 General bacterial abundance in surface water and on Elodea nuttallii. 






In Figure 3.18 the concentrations of the organisms with faecal origin, thus total 
coliforms, E. coli, intestinal enterococci, C. perfringens and the amount of the 
opportunistic pathogen Aeromonas spp. are shown in water samples and samples 







Densities of the investigated organism were found elevated in association with 
Elodea nuttallii compared to the water. The group of intestinal enterococci seemed to 
prefer the interaction with the macrophyte, notably in August where the concentration 
was about seven orders of magnitude higher than in water sample. The organisms 
Aeromonas spp. and C. perfringens showed also increased concentrations on the 
macrophyte compared to water with a difference of three to four log units. 
As an important member of obligate human pathogens, Campylobacter spp. was 
investigated in water samples and in association with Elodea nuttallii. Identification of 
positive samples with the API® Campy identification system confirmed the presence 
of Campylobacter coli in one of the three macrophyte samples, but never in water 
samples.  
 
Hygienically relevant organisms were present in the water column as well as in 
samples associated with the macrophyte Elodea nuttallii. When milliliters of water 
and grams of dry weight of the waterplant are assumed equal for hypothetical 
comparison, there is a notable accumulation of bacteria on Elodea nuttallii.  
 
Figure 3.18 Concentrations of organisms with faecal origin (coliforms, E. coli, intestinal enterococci, C. 
perfringens) and the pathogen (Aeromonas spp.) in surface water and on Elodea nuttallii. 
Determination of the pathogens occurred with cultural methods, samples were taken in July, August and 




















































































The comparison of bacterial abundencies determined on Elodea nuttallii are 
compared to those in plankton samples, indicated an enhancement in total cell 
counts as well as HPC bacteria around one order of magnitude (Figure 3.19). 
Organisms with faecal origin as well as Aeromonas spp. were also found in higher 
concentrations in plankton samples, except for intestinal enterococci which where 









The macrophyte Elodea nuttallii seems to represent another surface for hygienically 
relevant microorganisms for attachment and biofilm formation or symbiosis. Where 
the general abundance of bacteria was found higher on the macrophyte, the 
organisms of faecal origin and the opportunistic pathogen Aeromonas spp. seem to 
prefer the interaction with plankton. Except for the group of intestinal enterococci, 


































































































































































































































Figure 3.19 Geometric mean values of bacterial abundencies (total cell counts and HPC bacteria, left) and 
organisms with faecal origin (coliforms, E. coli, intestinal enterococci, C. perfringens, right) as well as the 
opportunistic pathogen Aeromonas spp. determined in Elodea nuttallii samples (n = 3, given per 100 g dry 






3.4 Interaction between Daphnia magna and pathogens in laboratory 
microcosms 
As an example for associations of hygienically relevant organisms with zooplankton 
organisms, the interaction of the opportunistic pathogens Pseudomonas aeruginosa, 
Aeromonas hydrophila and Enterococcus faecalis with the zooplankton model 
organism Daphnia magna was investigated in laboratory microcosms. 
3.4.1 Determination of toxicity of Pseudomonas aeruginosa, Aeromonas 
hydrophila and Enterococcus faecalis to Daphnia magna 
To determine bacterial toxicity on D. magna according to Le Codiac et al. (2012) the 
zooplankton organism was exposed to 4 different concentrations each of the 
organsims P. aeruginosa PAO1, A. hydrophila AH-1N and E. faecalis DSMZ 20478 
over a period of up to 28 h. 
This was conducted to determine a bacterial concentration that does not lead to 
death of daphnids which was important for the following co-cultivation experiments. 
In each batch culture three daphnids were exposed to bacterial densities with an OD 
(600 nm) of 0.4, 0.8, 1.5, and 3. An OD600 of 3 corresponded to a cell density of 
approximately 109 cells/mL for all of the pathogens. Bacterial suspensions were 
prepared in sterile Daphnia medium (ADaM) and incubation occurred at room 
temperature.  
D. magna was assumed to be dead when they were immobile, thus sinking to the 
bottom of the Eppendorf tubes and not swimming anymore after turning the tube 
upside down (Le Codiac et al., 2012). 
As a control three D. magna individuals were cultivated per Eppendorf tube 







Results of toxicity are illustrated in Figure 3.20. With increasing bacterial 









In the Eppendorf tube with an OD600 of 3 the three daphnids died within 6 hours, after 
7 hours none of three D. magna were alive in the batchculture with a bacterial density 
of  OD600 = 1.5. After 24 hours the tube with a bacterial concentration of OD600= 0.8 
yielded no Daphnia alive and an OD600 of 0.4 led to death of all three daphnids after 
28 hours.  
In the microcosms with A. hydrophila the first daphnids were found to be dead after 
27 hours within the tubes with a bacterial density OD600 of 3. In all other tubes a few 
D. magna were still alive. 
For E. faecalis the daphnids survived completely and no death was observed within 
28 h (data not shown).  
Acute toxicity on D. magna dependent on bacterial concentration could only be 
observed for P. aeruginosa. 
  
Figure 3.20 Toxicity of P. aeruginosa and A. hydrophila on D. magna. 
In each Eppendorf tube three D. magna were exposed to 1mL bacterial suspension of the pathogens P. 
aeruginosa PAO1 and A. hydrophila AH-1N with bacterial densities of OD600= 0.4, 0.8, 1.5, and 3 for up to 
28 h (n = 3). Incubation occurred at room temperature (22-24°C). As a control, three D. magna were 

























































3.4.2 Co-cultivation of Daphnia magna with Pseudomonas aeruginosa 
Since associations between hygienically relevant microorganisms and plankton are 
described in literature and were approved with investigations of Lake Baldeney, this 
phenomenon was examined in laboratory experiments. The aim was to elucidate 
wheter the bacteria prefer to live free in the water phase or associated to the 
zooplankton organisms. In the latter case a differentiation between the proportion of 
organisms found on the integument or in the gut of the daphnids was carried out. 
This separation was conducted to determine the ratio of bacteria that were attached 
to the daphnids´ surface and the part which was ingested by the plankton organism. 
Furthermore the quantities of pathogens existing in a nonculturable state where 
determined with FISH. 
 
 In co-cultivation experiments D. magna was exposed to defined concentrations  
(~ 107 cells/mL) of bacterial suspensions. The association was determined by use of 
total cell counts, colony counts on selective media and with FISH at the times of 0, 24 
and 48 h. Co-cultivation was performed in 6-well culture plates composed of 
polystyrene. Bacterial suspensions were prepared in sterile Daphnia medium 
(ADaM). As a control, the bacterial suspension was incubated without daphnids. 
Incubation occurred at room temperature between 22° and 24°C. 
To observe the distribution of the organisms in batch cultures, samples of different 
compartments were obtained.  
Compartments are:  
- the ‘well biofilm’, bacterial biofilms adhering to the surface of the cultivation 
well  
- the ‘planktonic phase’, consisting of the culture medium and loosly associated 
bacteria, which could be washed off (rinsing water) of the daphnids surface  
- ‘Daphnia-associated’, therefore the daphnids were separated under a 
microscope by the use of tweezers into the gut and the carapace, including 
leftover entrails and the rest of the organisms´ body (Figure 3.21). 
 
As a control, D. magna was incubated without bacteria and same samples were 
processed (data not shown). The investigated opportunistic pathogens were never 
detected and therefore concluded that they were not member in the natural bacterial 


















Results of the planktonic phase are given in mL, results of Daphnia are given per one 
D. magna organism and results of the biofilm are calculated for the surface of one 
well in the 6-well plates (which was determined with 13.47 cm2) and are given per 
cm2. 
  
Figure 3.21 D. magna separated into gut (left) and the carapace with leftover entrails. 







The association of D. magna with the pathogen P. aeruginosa was investigated in a 
co-culture system. The distribution of the bacterium onto the different mentioned 
compartments was investigated with total cell counts (DAPI-method), colony counts 
on CN agar and FISH with the gene probe Psae-16S-182 (Figure 3.22). The control, 
thus the inoculation medium, was determined with total cell counts around 3.0 x 107 
































































































































































































Figure 3.22 Total cell counts, determined with the DAPI method, colony counts on CN selective agar and 
FISH positive cells (probe PSAE-16S-182) of P. aeruginosa in association with D. magna (n =2). 
In a co-culture with 5 D. magna in each well the distribution of the pathogen P. aeruginosa was observed 
over a time period of 48 h. Incubation occurred in ADaM medium with a bacterial concentration of 10
8
 







Total cell counts in all compartments were found to be fairly constant over the 
experimental period, with slight decreases in the medium and slight increases in the 
well biofilm. It has to be considered that total cell counts comprise the natural 
bacterial flora of the daphnids and the investigated organism. Culturable bacteria 
were detected decreasing in all compartments, except in the well biofilm where the 
concentrations remained constant. FISH concentrations in all compartments were 
comparable to total cell count quantities and exceeded the cultural cells with up to 
two orders of magnitude. P. aeruginosa was detectable in association with the 
daphnids as well as on the well surface within short time.  
The results indicated that P. aeruginosa was found in all compartments during the co-
cultivation experiment, whereas a fraction was not detectable with cultural methods. 
Attachment to the surface of the well and the Daphnia occurred within short time and 
P. aeruginosa was filtered by the Daphnia since it was found inside the gut.  
The culturability decreased in all compartments over time (Table 3.11), except in the 
well biofilm which correlates to the increasing concentrations of colony counts.  
Table 3.11 Culturability (in %) of P. aeruginosa in the different compartments in a co-culture with D. 
magna over a time period of 48 h (n=2) 
Time Medium Rinsing water Carapace Gut Well 
0 100.0 43.2 6.7 21.0 77.5 
24 3.8 1.5 1.1 1.0 26.3 








To observe the distribution in between the different compartments in the co-













The major shift in the distribution of culturable P. aeruginosa within the co-cultivation 
compartments was observed within the inoculation medium, where it decreased from 
80.6 % to 3.6 % onto the surface of the well, where culturable cells increased from 
























Figure 3.23 Balance of colony counts of P. aeruginosa in association with D. magna. 
Distribution (in %) of P. aeruginosa in the different compartments of the co-cultivation system; the well, 






The distribution of FISH positive cells within the five compartments, showed that the 
proportion of P. aeruginosa is the highest in the association with the daphnids, in 
particular with the carapce. The concentration was continously decreasing in the 
planktonic compartments, the medium and the rinsing water, and increasing in 












P. aeruginosa was detected in all compartments during the co-cultivation experiment, 
whereas a fraction was not detectable with cultural methods. Attachment to the 
surface of the well and the Daphnia occurred within short time since the organism 
was found inside the gut at time point 0 it has to be assumed that the organism was 
filtered by the Daphnia immediately. Co-cultivation of P. aeruginosa with D. magna 
indicated that within 48 h the opportunistic pathogen attached with preference to the 
daphnids surface and to the well of the culture plate. The culturability of P. 
aeruginosa decreased in association with the Daphnia and increased in the well 
biofilm. This might indicate that P. aeruginosa passed into the VBNC state in 
interaction with D. magna. 
  
Figure 3.24 Balance: Distribution of FISH positive cells of P. aeruginosa in a co-cultivation experiment with D. 

























3.4.3 Co-cultivation of Daphnia magna with Aeromonas hydrophila 
In a co-cultivation experiment the association of A. hydrophila with the zooplankton 
organsim D. magna was investigated using total cell counts, colony counts on 
ampicillin-dextrin agar and the FISH method (probe AERBOMO) (Figure 3.25). 
 
 
     
Figure 3.25 Total cell counts (DAPI method), colony counts (ampicillin-dextrin agar) (n=6) and FISH positive 
cells (probe AERBOMO) (n=2) of A. hydrophila in association with D. magna. 
In a co-culture with 5 D. magna in each well the distribution of the pathogen A. hydrophila was observed over 
a time period of 48 h. Incubation occurred in ADaM medium with a bacterial concentration of 10
8
 cells/mL at 

































































































































































































The control, thus the inoculation medium of A. hydrophila without the influence of 
Daphnia was remaining constant over time with total cell counts of 8.4 x 107 cells/mL 
and colony counts of 8.9 x 107 cfu/mL.  
Total cell counts as well as culturable bacteria showed decreasing tendencies in the 
medium, wheras the concentrations were slightly increasing in the well biofim and 
remained fairly constant in the rinsing water, the carapace and the gut. 
Concentrations of A. hydrophila determined with the FISH method were constant 
over time and about one to two orders of magnitude higher than with cultural 
methods. In the well biofilm, FISH positive cells were detected increasing with one 
log unit within 48 h. 
The culturability of A. hydrophila in the association with D. magna was decreasing in 
all compartments over time (Table 3.12). 
Table 3.12 Culturability (in %) of A. hydrophila in the different compartments in a co-culture with D. 






Time Medium Rinsing water Carapace Gut Well 
0 51.2 100.0 7.7 61.0 100.0 
24 8.4 13.4 2.1 23.6 54.8 






Percental distribution of A. hydrophila over the different compartments available in 










Changes of culturable A. hydrophila in the inoculation medium of the experiment with 
82. 5 % in the beginning to the compartments rinsing water (31.6 %) and the well 
biofilm (35.4 %) in the end of the co-cultivation. The percentage of culturable A. 
hydrophila associated with the daphnids (carapace and gut) was decreasing over 
time.  
Aeromonas hydrophila was detected in all compartments during the co-cultivation 
experiment, whereas a fraction was not detectable with cultural methods. Attachment 
to the surface of the well and the Daphnia occurred within short time since A. 
hydrophila was found inside the gut at time point 0 it has to be assumed that the 
organism was filtered by the Daphnia immediately. 
Similar results could be detected in P. aeruginosa co-cultivation experiments, with the 
exception ofculturability of A. hydrophila which was decreasing in all compartments 





















Figure 3.26 Balance of colony counts of A. hydrophila in association with D. magna. 
Distribution (in %) of P. aeruginosa in the different compartments of the co-cultivation system; the well, 






The distribution of FISH positive A. hydrophila in co-cultivation compartments, 
showed the highest in the Daphnia compartment (Figure 3.27). With decreasing 
percentages of FISH positive cells in the planktonic phase, an increase in the well 
biofilm and with preference in association with the carapace of D. magna could be 
detected. 
 











Co-cultivation of A. hydrophila with D. magna indicated that within 48 h an increased 
attachment of the opportunistic pathogen to the daphnids surface and to the well of 
the culture plate were favoured. Whereas the culturability decreased in association 
with the Daphnia, it increased in the well biofilm. This might indicate that A. 
hydrophila passed into the VBNC state in association with D. magna. These 
observations were analogical to findings in P. aeruginosa co-cultivation.  
Figure 3.27 Balance: Distribution of FISH positive cells of A. hydrophila in a co-cultivation experiment with 


























3.4.4 Co-cultivation of Daphnia magna with Enterococcus faecalis 
The comparison of total cells, colony counts and FISH results of E. faecalis is shown 
in Figure 3.28.  
The control, thus the bacterial suspension without Daphnia, remained constant over 
48 h with concentrations of total cells with 4.0 x 108 cells/mL and colony counts of 3.8 












Figure 3.28 Overview of total cell counts, FISH positive cells and colony counts of E. faecalis in association 
with D. magna. 
In a co-culture D. magna was observed in association with E. faecalis over a time period of 48 h. 
Determination of total cells occurred with the DAPI-method (n = 6), FISH with the gene probe Efs 130 (n = 2) 


























































































































































































Determination of E. faecalis cells in the planktonic phase which was consisting of the 
two compartments, medium and rinsing water, showed both a decrease in 
concentrations. 
The two compartments consisting of E. faecalis associated with D. magna (the 
carapace and the gut) showed opposed variations in the bacterial concentrations. 
Whereas the concentration on the carapace increased, the abundance of E. faecalis 
in the gut decreased slightly.  
The results indicated that the concentrations of E. faecalis detected by the cultural 
method were up to 3 log units lower than those determined by FISH. Obvious is that 
the concentrations in the planktonic phases are decreasing over time and slightly 
increase in the Daphnia-associated compartments, the carapace and the gut.  
The culturability of E. faecalis in association with D. magna decreased in all 
compartments, except of the well, where the percentage of culturable cells increased 
slightly from 1.2 % to 5.8 % within 48 h (Table 3.13). 
Table 3.13 Culturability (in %) of E. faecalis in the different compartments in a co-culture with D. 
magna over a time period of 48 h (n=6) 
Time Medium Rinsing water Carapace Gut Well 
0 29.9 3.4 1.1 0.3 1.2 
24 0.5 0.2 0.3 0.5 4.8 








In the co-cultivation experiments of D. magna and E. faecalis the distribution of the 
microorganism between the different compartments in the batch cultures was 
compared to each other. In Figure 3.29 on the left side the percentages of total cell 
counts of E. faecalis in the medium, the washwater, the carapace, the gut and the 
well are shown. The circular charts on the right side indicate the distribution of the 
bacterium between free-living in the planktonic phase, in the biofilm attached to the 













Co-cultivation experiments resulted in a shift in the dispersal of E. faecalis from the 
inoculation medium onto the other compartments. The circular charts show that the 
percentage of colony counts in the medium decreased over time. The abundance of 





Figure 3.29 Balance of colony counts of E. faecalis in association with D. magna. 
Distribution (in %) of E. faecalis  in the different compartments of the co-cultivation system; the well, 

























The distribution of FISH positive E. faecalis in co-cultivation compartments, showed 
that the proportion was the highest in the Daphnia compartment (Figure 3.30). When 
the percentage of FISH positive cells decreased in the planktonic phase, an increase 











E. faecalis was detected in all compartments during the co-cultivation experiment, 
whereas a fraction was not detectable with cultural methods. Attachment to the 
surface of the Daphnia occurred within 24 h and decreased afterwards. Accumulation 
in the gut was observed after 48 h. The culturability decreased in all compartments, 
hence E. faecalis seemed to undergo the transition into the VBNC state in 
association with the zooplankton organism. 
Compared to P. aeruginosa and A. hydrophila the preferred accumulation side is 
different. They attached with preference to the carapace of D. magna or the well 
surface, whereas E. faecalis accumulated in the gut. Decreasing culturability was 
observed in all co-cultivation experiments which indicates the possibility of a 




















5,0% 48 h 
Figure 3.30 Balance: Distribution of FISH positive cells of A. hydrophila in a co-cultivation experiment 
with D. magna (n = 2) 
 
 





4.1 Association of potentially pathogenic bacteria with plankton organisms 
In the present study the occurrence of pathogenic bacteria with freshwater phyto- and 
zooplankton was elucidated and compared to organisms in the surrounding water 
column in Lake Baldeney. The investigated organisms are ubiqutious bacteria in 
aquatic environments with facultative pathogenic properties. The faecal indicator 
bacteria (e.g. Escherichia coli, coliforms, intestinal enterococci, Clostridium 
perfringens), obligate pathogens of faecal origin (e.g. Campylobacter spp.), and 
environmental opportunistic bacteria (e.g. some coliforms, Pseudomonas aeruginosa, 
Aeromonas spp., Legionella spp.). Furthermore microcosm experiments with 
Daphnia magna and selected organisms were applied to study possible associations 
in detail. The overall aim was to evaluate the role of plankton in a freshwater 
environment and observe interactions between pathogens and a zooplankton model 
organism in microcosms, considering the following questions:  
(i) is plankton acting as a vector for those pathogens 
(ii) is there an evidence of pathogens occuring viable but non-culturable? 
 
4.1.1 Effects observed in Lake Baldeney 
In the field study the general bacterial abundance (total cell counts, HPC bacteria) 
and potentially pathogenic bacteria were detected with cultural methods. Additionally 
determination with molecular methods, FISH and qPCR for certain selected 
organisms were determined in water and associated with plankton. Occurrence and 
proportions of phyto- and zooplankton organisms were determined.  
In natural aquatic environments pathogens can enter in a viable but non-culturable 
(VBNC) state due to environmental stresses. The VBNC state is considered to be a 
survival strategy and includes the capability to remain viable, conserve their 
pathogenic characteristics, to increase metabolic activity and regain growth again 
(Kell et al., 1998; Oliver 2000; Pruzzo et al., 2002; Whiteside and Oliver, 1997). Thus 
the determination of pathogens with cultural methods alone will underestimate the 
real load of hygienically relevant bacteria. The VBNC state is described for various 
pathogens, such as V. cholera, Aeromonas spp. or E. faeaclis, and some report that 
the organisms were found attached to plankton in the VBNC state (Binzstein et al., 
 




2004; Heim et al., 2002; Shukla et al., 1995; Signoretto et al., 2005). Resuscitation is 
possible when the environmental stress factors are reduced (Kell et al., 1998). The 
pathogens can regain infectivity after resuscitation what was reported for P. 
aeruginosa. The organism was resuscitated after copper stress by use of a copper 
chelator, and regained infectivity to human lung cells (Dwidjosiswojo et al., 2011). 
This is siginificant to human health if the water body is used for recreational purposes 
or drinking water production.  
To start with a quintessence, it can be mentioned that it succeeded to show that 
freshwater plankton organisms provide microhabitats which support attachment and 
proliferation of potentially pathogenic bacteria. Furthermore there are signs for 
bacteria occurring in a VBNC state. These findings will be discussed in detail in the 
following chapters. Table 4.1 shows geometric mean values of bacterial 
concentrations in water and plankton samples. 
Table 4.1 Geometric mean values for hygienically relevant microorganisms in water and plankton 
(n.d.; not determined) 





mL or 100 g 
2.3 x 10
7
 2.4 x 10
11
 1.1 x 10
11
 
HPC bacteria cultural 
cfu/100 mL 
or 100 g 
8.0 x 10
4
 2.4 x 10
9





mL or 100 g 
2.4 x 10
3
 7.0 x 10
7
 4.6 x 10
7
 
E. coli cultural 
MPN/100 
mL or 100 g 
3.9 x 10
2
 3.7 x 10
6





or 100 g 
4.0 x 10
1
 7.8 x 10
5
 2.0 x 10
5
 
C. perfringens cultural 
cfu/100 mL 
or 100 g 
1.3 x 10
2
 1.5 x 10
8







or 100 g 
2.2 x 10
3
 3.4 x 10
9
 1.6 x 10
9 
P. aeruginosa cultural 
MPN/100 
mL or 100 g 
2.5 1.2 x 10
5





mL or 100 g 
2.5 x 10
6
 n.d. n.d. 
 qPCR 
GU/100 mL 
or 100 g 
6.1 x 10
3
 8.6 x 10
9
 3.4 x 10
9
 
Legionella spp. cultural 
cfu/100 mL 
or 100 g 
n.d. n.d. n.d. 
 FISH 
Cells/100 
mL or 100 g 
2.4 x 10
6
 n.d. n.d. 
 qPCR 
GU/100 mL 
or 100 g 
3.2 x 10
4








or 100 g 
n.d. n.d. n.d. 
 FISH 
Cells/100 






or 100 g 
n.d. n.d. n.d. 
 




4.1.1.1 Abundance of plankton in Lake Baldeney 
Determination and quantification of plankton organisms collected during the sampling 
season in 2010 displayed species according to determinations of the Ruhrverband 
(2010). Concentrations of phytoplankton were found between 109 to 1010 
individuals/m3 with a maximum from May to July. The abundance of diatoms was the 
highest among phytoplankton, followed by green algae. The diatom species Melosira 
sp. was found in most of the phytoplankton samples. Other diatoms identified in 
phytoplankton samples were Fragilaria sp., Niztschia sp., Asterionella sp. and 
Synedra sp. 
Chlorophyta sp., Scenedesmus sp. and Pediastrum sp. were the most abundant 
green algae determined in the samples. Cyanobacteria species found in 2010 were 
Oscillatoria sp., Spirulina sp. and Anabaena sp. In phytoplankton samples one 
species of the golden algae was determined as Dinobryon sp. The Ruhrverband 
reported phytoplankton concentrations in 2010 varying between 9.0 x 109 to 1.9 x 
1010 cells/m3 whereas in the 1990´s more than 1.0 x 1011 cells/m3 were found. The 
spectrum of phytoplankton individuals has changed in the last years. The typical 
individuals of the green algae were found seldom, but diatoms were increasing and 
dominated the phytoplankton in the summer of the year 2010 (Ruhrverband, 2010). 
The Ruhrverband investigated that diatoms represented the highest amount with 
about 94% of the whole biovolume of algae, the species Melosira was dominating. 
This is confirmed by the results reported in this study. Since a few years it could be 
observed that the abundance of cyanobacteria and green algae is considerably 
decreasing, whereas the occurrence of golden algae increased. The improvement of 
the trophic level of the lower part of the River Ruhr could be the reason fot that 
(Ruhrverband, 2010). The temporal course and intensity of phytoplankton growth is 
effected by grazing of zooplankton and other abiotic factors, such as river flow and 
total irradiation. 
Zooplankton organisms were determined with concentrations ranging between 101 
and 105 individuals/m3 with a peak in July and August. The increase in zooplankton 
individuals from 9.62 x 102 individuals/m3 in the month June to 3.21 x 105 
individuals/m3 in July and 3.17 x 104 individuals/m3 in August might be explained by 
the clearance rate of algivore zooplankton organisms which graze on phytoplankton. 
 




The most abundant species of zooplankton detected in the samples belonged to the 
group of Rotatoria, e.g. the species Brachionus. Other dominant species identified for 
zooplankton are in the group of Crustaceans, mainly the subclasses Cladocera and 
Copepoda, e.g. Daphnia sp., Polyphemus sp., Cyclopoida and Calanoida. Copepods 
accounted for 86.8% among all zooplankton organisms in a marine coastal zone by 
Maugeri et al., (2004). 
It was observed that the plankton abundencies follow a seasonal trend. With 
declining phytoplankton concentrations the abundance of zooplankton was rising.  
This seasonal trend can be explained by zooplankton organisms grazing on 
phytoplankton until the so called clear water state is reached, where phytoplankton is 
almost eliminated by zooplankton grazing. 
For evaluation of surface areas provided by plankton organisms in the samples in this 
study, calculation was done as follows. 
Assumption: 
The phytoplankton samples consist of the diatom species Fragilaria capucina and 
zooplankton is composed of Daphnia magna. 
The specifications for these organisms (length, width and height) are given in Hoehn 
et al. (1998). For the calculation of the surface areas it was assumed that Fragilaria 
capucina can be seen as a cuboid form and Daphnia magna as an elliptical cylinder 
(Table 4.2). 
 









Fragilaria capucina Cuboid: 2 x length x width 161 
Daphnia magna Elliptical cylinder: 2 x π x length x width + 2 x π x length x width x height 2 x 10
9 
  
As an example, the surface areas for phyto- and zooplankton samples of the month 
April and July (Table 4.3) were calculated due to the amount of individuals per m3. 














April 0.2  0.2 
July 0.7 447 
 
 




The surface of zooplankton in the month July is by far huge compared to the month 
April and in comparison to phytoplankton.  
 
 





Surface area 2.64 km
2
 
Mean width 355 m 
Mean length 7.8 km 
Mean depth 3.14 m 
 
When the surface areas of plankton are related to the volume of Lake Baldeney (7.6 
x 106 m3; Ruhrverband, 2010) it becomes apparent, that the surface area of 
zooplankton is enormous with 3400 km2 (Table 4.4). In comparison, Lake Baldeney 
has a surface area of 2.64 km2 (Ruhrverband, 2010), this is less than 1 % of the 
zooplankton surface in August. 
Table 4.4 Surface area of plankton (km
2
) in relation to the volume of Lake Baldeney 
Surface area related to Lake 










April 2 1 
July 5 3400 
 
In one Liter of water the plankton surface areas are below 1 cm2. In August the 
surface of zooplankton in one Liter of water is 45 cm2 (Table 4.5).  
Table 4.5 Surface area of plankton in one Liter sample (cm
2
/L) 
Surface area of plankton in one 






April 0.02 0.02 
July 0.07 45 
 
All these calculations are based on the assumption that both samples consist of one 
species with a mean size. The results should be handled with care, since they are 
more or less estimations with a fault of approximately +/- a half order of magnitude. 
However, it is possible to get a valuation of plankton surface sizes.  
Figure 4.1 Lake Baldeney data (source: Ruhrverband, 2010) 
 




The results indicate that plankton, especially zooplankton in the month July, 
represents a large surface which can be colonized by bacteria. 
With respect to the surfaces per Liter (Table 4.5) the concentrations of bacterial 
abundance were calculated per square metre of the plankton surface (Table 4.6). 
According to a schematic detection range for bacterial densities (Flemming et al., 
2000) the colonization of plankton with bacterial biofilms can be characterized (Table 
4.7). The general bacterial abundance on plankton seems to be a multilayer biofilm, 
since there are 108 or more cells/cm2. Whereas the distribution of the pathogenic 
species is either a monolayer biofilm, microcolonies or single cells. Phytoplankton 
surfaces seem to be more densly colonized by bacteria than zooplankton. This is due 
to the difference in the calculated surface areas, since phytoplankton surfaces were 
less, the distribution of bacteria is of higher density. 
Table 4.6 Bacterial abundance on 1 m
2
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8
 2 x 10
7
 2 x 10
7
 3 x 10
8
 5 x 10
9
 4 x 10
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 4 x 10
5
 4 x 10
5
 9 x 10
6
 2 x 10
10



















April 7 x 10
13
 2 x 10
11
 7 x 10
6
 2 x 10
6
 3 x 10
6
 2 x 10
7
 5 x 10
8
 6 x 10
4
 
July 3 x 10
9
 9 x 10
7
 4 x 10
4
 3 x 10
2
 2 x 10
4
 3 x 10
6
 2 x 10
7
 1 x 10
2 
 
Table 4.7 Bacterial densities (bacteria/cm
2














bacteria, or biofilm 
1 10 microcolonies monolayer biofilm multilayer biofilm 
  
 




4.1.1.2 General abundance of bacteria in lake water and in association with 
plankton 
The general microbial populations in water and plankton were quantifed by the 
determination of total cell counts and the fraction of culturable (HPC) bacteria. The 
water and plankton samples revealed total cell counts of 109 cells/100 mL and up to 
1012 cells/100 g wet weight and colony counts with up to 107 cfu/100 mL and 109 
cfu/100 g wet weight. Culturability in water was below 1 % and in plankton samples 
between 0 and 8 %. These concentrations of total cell counts and HPC bacteria were 
identical to the results of Balzer et al. (2010) who investigated water, epilithic biofilms 
and sediments in a river (e.g. River Ruhr). Bacteria associated with plankton were 
found in slightly higher concentrations on both phyto- and zooplankton in comparison 
to the water column. 
The results indicated that plankton displayed high cell densities of the autochthonous 
bacteria compared to the surrounding water. In the literature, total cell counts and 
HPC bacteria in surface water and also associated with freshwater plankton have not 
been considered yet. Only Griebler et al., (2001) determined total cell counts in 
sediments of different freshwater environments (lakes, rivers) and found high 
bacterial densities in the sediments compared to the surrounding water. 
The culturability in water was low. The elevated culturability in plankton samples can 
be explained by favourable nutrient conditions for bacteria living associated to 
plankton organisms. Bacteria have nutritial advantages when living associated to 
copepods (Heidelberg et al., 2002) or if they can use algal exudates (Byappanahalli 
et al., 2003). Furthermore the low culturability can be explained by unfavourable 
culture conditions, or the bacteria occur in a viable but non-culturable state (VBNC). 
A correlation effect between cell densities and water temperature or oxygen 








4.1.1.3 Occurence of organisms with faecal origin associated with plankton 
and in the free water 
Surface waters can be contaminated with faecally derived bacteria. This can occur 
through point sources, such as sewage effluents, or non-point sources, such as 
agricultural or urban run-off. The faecal indicator organisms investigated in this study 
were total coliforms, E. coli, intestinal enterococci and C. perfringens. Coliform 
bacteria can also be of environmental origin (Leclerc et al. 2001). All these organisms 
were detected in water as well as plankton samples during sampling from April to 
September. Slightly elevated concentrations of these organisms in the water column 
were observed in August. Generally the investigated faecal indicator organisms seem 
to be more abundant adhering to plankton than in the water column when referred to 
the plankton mass.  
 
4.1.1.3.1 Abundance of total coliforms and E. coli in lake water and associated 
with plankton 
Total coliforms and E. coli were all detected in water and plankton samples. Total 
coliform concentrations were quantified with 4.0 x 102 to 2.4 x 104 cfu/100 mL in lake 
water and the abundance in plankton samples varied between 106 to 108 cfu/100 g. 
The concentrations of E. coli ranged from 7.4 x 101 to 2.4 x 104 MPN/100 mL in water 
and between 105 and 107 MPN/100 g wet weight for plankton. Balzer et al. (2010) 
reported similar concentrations for river water and epilithic biofilms. The elevated 
concentrations of coliforms and E. coli in plankton samples compared to those in 
water indicate that the bacteria persist in these environments and may meet 
favourable nutrient conditions in the interaction with plankton. 
The aim of the Ruhrverband (2010) is to not exceed a target value of coliforms with 
1.5 x 104 per 100 mL in mean, which was not fulfilled with the detected values. The 
River Ruhr is no bathing water but it is intensively used for other recreational 
purposes. Araujo et al., (1989) reported faecal coliforms with 107 to 109 cfu/100 mL in 
freshwater environments (rivers) in the South of Barcelona/Spain, this confirms 
observations made in association with plankton in Lake Baldeney. E. coli 
concentrations in river water were reported with 4.9 x 101 cfu/100 mL to 2.2 x 104 
cfu/100 mL (Rodriguez & Araujo, 2010). Maugeri et al. (2004) found E. coli in 
seawater with 1.0 x 101 to 1.5 x 104 cfu/100 mL. Less is considered about plankton 
associations of coliforms or E. coli in literature yet, only by Signoretto et al. (2004; 
 




2005) E. coli has been linked to plankto. However there are reports about sediments.  
For freshwater and coastal sediments the presence of E. coli was reported several 
times. Elevated concentrations of coliforms and E. coli as well as long-term survival 
and multiplications in sediments was assumed to be likely compared to the overlying 
water in freswahter streams as well as coastal waters (Byappanahalli et al., 2003; 
Craig et al. 2002, 2004; Obiri-Danso & Jones, 1999; Valiela et al., 1991). However, 
the survival of these bacteria seemed to be limited by competition with the natural 
microflora and predation by protozoa (Marino & Gannon, 1991). A variety of species 
was found by identification of coliform isolates from water and plankton. They can be 
divided into three ecological categories according to Leclerc et al., (2001). The 
identified species Citrobacter, Klebsiella and Enterobacter cloacae belong to the 
ubiquitous group of coliforms. They may be of faecal origin, but can also be found in 
natural environments such as surface waters, soil or vegetation. The organism E. coli 
was isolated from both water and plankton samples and is representing the 
thermotrophic group of faecal origin. Member of the environmental group that were 
detected was Kluyvera sp. 
Some of these species identified are known as oportunistic pathogens, such as K. 
pneumonia, Enterobacter spp., Citrobacter spp. (Guentzel, 1996; Sanders & 
Sanders, 1997; Struve & Krogfeldt, 2004). E. coli which is usually harmless 
commensals for humans, also include pathogenic variants such as 
enterohaemorraghic E. coli O157:H7 (Leclerc et al., 2001). 
In this study it succeeded to determine total coliforms as well as E. coli in water and 
plankton samples. The organisms showed preferences to be plankton-associated, 
since they were found with four orders of magnitude higher concentrations in 
plankton samples than in the free water. In August the abundance of total coliforms 
was elevated and showed plankton preference even when the concentration was 
related to the sampling volume.  
4.1.1.3.2 Intestinal enterococci in water and plankton samples 
In water samples enterococci varied between 2.5 and 3.0 x 103 cfu/100 mL. These 
findings are similar to those and quantities in river water with Enterococci were 
reported with 2.0 to 8.0 x 102 cfu/100 mL (Maugeri et al., 2004) or 6.0 to 2.4 x 102 
cfu/100 mL (Balzer et al., 2010). 
 




E. faecalis has been linked to plankton, in Lake Garda it was found adhering to 
plankton and in water. Enterococci were reported more often associated with 
zooplankton, than E. coli, especially in the winter month, where zooplankton may 
provide an overwintering site for enterococci (Maugeri et al., 2004). Signoretto et al. 
(2004) found numbers of enterococci in a freshwater lake to decrease in the water 
phase and concurrently increase in zooplankton during summer. In this study, during 
the sampling season from April to September, E. coli was more abundant in plankton 
samples as enterococci.  
The organisms identified from enterococci isolates of water were Enterococcus hirae, 
Enterococcus durans, Enterococcus faecalis and Enterococcus faecium. These 
organisms represent species of true faecal origin (Pinto et al., 1999), whereas E. 
faecalis and E. faecium are known to cause a variety of infections in humans (Jett et 
al., 1994). Other species identified were Enterococcus casseliflavus and 
Enterococcus gallinarum which are regarded as environmental organisms (Pinto et 
al., 1999). E. faecalis and E. faecium were the most frequently isolated species from 
environmental samples (Pinto et al., 1999), this correlates to the inicidence in Lake 
Baldeney. Similar to investigations in this study Mote et al. (2012) described up to 
95% higher abundencies of culturable enterococci in the plankton-associated state 
than in the bulk water. Several authors investigated associations of enterococci with 
specific types of plankton such as copepods and green algae in freshwater and 
marine environments (Signoretto et al., 2004, 2005, Whitman et al., 2003). 
In this study an association of enterococci with plankton was clearly observed. In 
August and Septmeber the abundance of intestinal enterococci exceeded those in 
the free water significantly, although plankton represents only a small fraction in the 
bulk water. 
 
4.1.1.3.3 C. perfringens and their endospores, can both be determined in the 
free water as well as plankton-associated?  
The faecal indicator C. perfringens was quantified with 101 to 102 cfu/100 mL in water 
samples of Lake Baldeney and between 107 and 108 cfu/100 g in plankton samples.  
Endospores of C. perfringens were consistently recovered in water samples at about 
75.3 % and with less percentages in plankton samples (16.1 % for zooplankton; 0.8 
% for phytoplankton). Abundance of C. perfringens in freshwater sediments were 
 




reported with quantities of 3.0 x 105 cfu/100 g to 1.1 x 106 cfu/100 g dry weight, the 
presence of C. perfringens spores was found to be constant at high levels in Lake 
Michigan (Mueller-Spitz et al., 2010). C. perfringens levels above 10 cfu/100 mL can 
be associated with human health risks when bathing in fresh recreational waters 
(Wiedenmann et al., 2006). In literature associations of C. perfringens and their 
spores with plankton are not considered yet. Hence, the results of this study can only 
be reverted to findings in sediments and sewage effluents. Medema et al. (1997) 
found C. perfringens deriving from sewage was persistent in natural waters. The 
organism survived longer than oocysts and may therefore be proved as an indicator 
for the presence of C. parvum. Recovery of spores in freshwater sediments had been 
reported by several authors (Edwards et al., 1998; Lisle et al., 2004). Mueller-Spitz et 
al. (2010) considered freshwater sediments and sewage inputs into freshwater 
habitats as reservoirs of enterotoxin-carrying C. perfringens spores. However, the 
accumulation of C. perfringens to particles or sediments indicates the possibility of 
creating reservoirs for this potential pathogen organism in aquatic environments 
(Mueller-Spitz et al., 2010).  
New in this study was the determination of C. perfringens associated with plankton 
organisms, as well as the balancing of endopspore distribution between the free 
water and plankton-associated state. It succeeded to detect both vegetative C. 
perfringens cells and their spores. Whereas the vegetative form seemed to prefer the 
plankton association, most of the spores were found in the water column. The high 
concentration of endospores in the free water compared to plankton in this study can 
be referred to elevated nutrient conditions for C. perfringens vegetative cells living 
attachted to plankton surfaces. 
The results of organisms of faecal origin indicate that plankton displayed higher cell 
densities compared to the surrounding water column. In the warmer months July and 
August the oxgen concentration was elevated and correlated to higher abundancies 
of coliforms, E. coli and C. perfringens in plankton samples. Compared to total cell 
counts and HPC bacteria the concentrations of the faecal indicator bacteria reflect 
that they join better nutrient conditions when associated to plankton than living in the 
free water (Table 4.1). If the results were referred to the sampled volume the 
abundencies of the organisms on plankton seem to be lower than in the free water 
 




phase. However in the months August and September the organisms were found to 
be more associated with plankton than in the free water. 
 
4.1.1.3.4 Abundance of the human pathogen Campylobacter spp. in the 
freshwater environment of Lake Baldeney 
The obligate human pathogen Campylobacter spp. can contaminate surface waters 
via point sources, like sewage effluents, or non-point sources, like agricultural or 
urban run-off and wild bird excretion. Campylobacter spp. was determined 
qualitatively in four out of six water samples, but was never present in plankton 
samples. Campylobacter spp. isolates were identified as the species C. coli and C. 
jejuni. Both are the most common human enteric pathogens among campylobacters 
and cause acute bacterial diarrhea (Frost 2001).  
In this study the human pathogen of faecal origin was determined sporadically in 
water, but never in plankton samples. However in previous studies Campylobacter 
spp. were found more frequently associated with zooplankton than with 
phytoplankton in seawater (Maugeri et al., 2004). In this study several factors may 
have contributed to the apparently low Campylobacter isolation,  
(i) a low prevalence of the organism in the sampled water, presumably below 
the detection limit,  
(ii) predation by and competition with other microorganisms which led to 
reduced survival times for Campylobacter spp. and might explain the 
absence in plankton samples (Korhonen et al., 1991),  
(iii) unfavourable culture conditions, or  
(iv) Campylobacter species may have entered into a VBNC state due to 
starvation or other environmental stress and therefore fail to grow on 
culture media.  
Hence molecular detection assays may be useful to elucidate potential 
epidemiological sources and reservoirs (Moore et al., 2001; Rollins & Colwell, 1986). 
In river waters in Greece C. jejuni and C. coli were the most abundant species 
identified (Arvanitidou, et al., 1995). These identified species may originate from 
sewage effluents, run-off or wild bird populations and have been found in freshwater 
bathing sites in the UK (Obiri-Danso & Jones, 1999). In river water of the 
Mediterranean area Campylobacter counts were low and determined with 1.3 
 




MPN/100 mL, whereas especially in the summer many samples were negative 
(Rodriguez & Araujo, 2010). The sampling period in this study occurred from April to 
September which might explain the low concentrations of the human pathogen due to 
the elevated temperatures which not favour their survival and growth. Campylobacter 
spp. were found in higher occurrence in the winter month and with lower 
concentrations or none in the warmer summer months by several authors 
(Brennhovd et al., 1992; Carter et al., 1987; Jones et al., 1990). Survival seemed to 
be enhanced in water microcosms at temperatures below 4 °C (Rollins & Colwell, 
1986; Terzieva & McFeters., 1991). 
Campylobacter spp. was detected in the bulk water, but seldom. An association with 
plankton was not confirmed, although there is a reference in literature. The identified 
species in water belong to the most common enteric human pathogens. The reason 
for the absence of Campylobacter spp. in plankton samples is not clear, and different 
possibilities to explain the absence were mentioned before. If it is assumed that the 
human pathogen occurs in a VBNC state when associated to plankton, this can pose 
a health threat for humans. The VBNC-Camplyobacter spp. may regain their 
pathogenic characteristics after resusucitation due to amelioration of environmental 
conditions. Therefore it should be considered to use cultivation independent methods 
to elucidate the true abundance of the human pathogen. 
 
4.1.1.4 Opportunistic pathogens in Lake Baldeney 
Determination of opportunistic pathogenic bacteria in association with plankton 
confirmed that all organisms, except for Legionella spp., were found in both phyto- 
and zooplankton samples by cultural methods. Remarkable are the high 
concentrations of Aeromonas spp. in water as well as plankton and the low 
culturability of P. aeruginosa. 
 
4.1.1.4.1 Aeromonas spp. – the most abundant organism determined in Lake 
Baldeney 
Aeromonas spp. were found with 8.0 x 103 and 3.0 x 105 cfu/100 mL in the water 
phase of Lake Baldeney, with elevated concentrations in August. In plankton 
samples abundance of Aeromonas spp. varied between 108 to 1010 cfu/100 g of 
 




phytoplankton and between 107 to 1010 cfu/100 g in zooplankton samples. In both 
samples an increase in colony counts in August could be observed due to elevated 
water temperatures with 26°C. Species identified from isolates of water and plankton 
included the organisms A. hydrophila and A. salmonicida. Both has been reported to 
cause infections in humans (e. g. Galindo et al., 2006; Janda 2001), whereas the 
latter is also well-known as a fish pathogen (Austin & Austin 1993). 
Maugeri et al. (2004) determined Aeromonas spp. with 4 x 103 cfu/100 mL in 
seawater. Abundance during the sampling period showed seasonal pattern in the 
water samples of the marine coastal zone in Italy. The species A. hydrophila was 
quantified with concentrations of 104 cfu/100 mL in a River in Poland (Niewolak & 
Opieka, 2000). Concentrations of Aeromonas spp. reported by Araujo et al. (1989) in 
rivers in Spain were up to 4 log units (102 to 109 cfu/100 mL) higher than those 
presented in this study. Aeromonas spp. has been linked to plankton colonization 
(Maugeri et al., 2004) and was recently found in association with the cladoceran B. 
coregoni (Grossart et al., 2009). The concentrations of Aeromonas spp. determined 
in this study exceed the findings of 6.0 x 102 cfu/100 mL in phytoplankton and 1.9 x 
1010 cfu/100 mL in zooplankton reported by Maugeri et al. (2004). Omar et al. (2002) 
found A. hydrophila in siginificant numbers in surface water as well as in association 
with copepods in the Straits of Malacca, Malaysia. 
Dumontet et al. (2000) reported that the abundance of Aeromonas spp. often 
exceeds those of coliform bacteria, whereas Araujo et al. (1989) described a 
correlation between Aeromonas spp. and faecal coliforms. In Lake Baldeney the 
concentrations of Aeromonas spp. were often higher than those of coliforms in water 
samples as well as in plankton samples.  
In this study Aeromonas spp. was determined with with the highest abundance 
among all investigated organisms, by use of cultural methods. Abundance in the 
plankton samples was determined with six orders of magnitude higher concentrations 
than in the free water. The amounts correlated to those of HPC bacteria. For 
Aeromonas spp. the preference seem to be a plankton-associated life state, since 
they showed elevated culturability in plankton samples compared to water. Plankton 
organisms seem to be an attractive microhabitat for Aeromonas spp. in a freshwater 
environment. During the sampling period from April to September Aeromonas spp. 
was consistently abundant in all samples and with higher concentrations in plankton 
samples. In the warmer months July, August and September the concentrations were 
 




slightly elevated when they were referred to the wet weight of plankton. Also when 
they were referred to the plankton sampling volume, Aeromonas spp. associated with 
plankton exceeded the concentrations in water in July, August and September.  
 
4.1.1.4.2 P. aeruginosa was less abundant than Aeromonas spp. 
Detection of P. aeruginosa in water samples of Lake Baldeney revealed 10 MPN/100 
mL, whereas in plankton samples the colony counts varied between 104 to 105 
MPN/100 g wet weight, with the highest abundance among all samples, in the month 
with the warmer water temperature, in July. Bacterial loads, including P. aeruginosa, 
were reported as significantly higher at elevated water temperatures and with the 
occurrence of algal blooms, e.g. in the Woluwe River in Belgium (Hoadley, 1977; 
Pirnay et al., 2005). Cultivation-based quantification of P. aeruginosa in river water 
provided results in the range of 103 cfu/100 mL to 104 cfu/100 mL (Hardalo & Edberg, 
1997; Pirnay et al., 2005; Ziegert & Stelzer, 1986). Seyfried & Cook (1984) reported 
much lower concentrations in lakes in Canada with quantities ranging from 2 to 33 
cfu/100 mL, and similar values with 3 to 32 cfu/100 mL were found in a river in 
Poland (Niewolak & Opieka, 2000). In Tokio Bay P. aeruginosa was determined with 
7.0 x 101 cells/mL (Kimata et al. 2004). They suggest that P. aeruginosa is commonly 
present in Tokio Bay, but that only a small percentage of those is culturable. The 
environmental pathogen Pseudomonas spp. is one of the most common bacteria in 
aquatic habitats (Pearce et al., 2005) and was reported in association with marine 
phytoplankton (Berland et al., 1976), previously P. aeruginosa had been found in 
association with Daphnia (Qi et al., 2009).  
In this study it succeeded to detect P. aeruginosa associated with plankton, until now 
this phenomenon is not mentioned in literature.  P. aeruginosa was found to be less 
culturable than all other investigated organisms. Especially in water the 
concentrations were low. The concentrations referred to the sampling volume of 
plankton were found to be elevated in August and September, when compared to the 
free water. The difference in the concentrations between water and plankton samples 
was four to five orders of magnitude. This allows the assumption of favourable 
conditions for P. aeruginosa when existing associated with plankton organisms.  
This supports the assumption that, apart from sediments, surface-associated 
biofilms, like on plankton surfaces, appear to represent a reservoir of P. aeruginosa 
 




in natural waters (Pirnay et al., 2005). Pellett et al. (1983) found P. aeruginosa to be 
present at highest numbers when associated with submerged surfaces of rocks, 
macrophytes, and fish, whereas concentrations were lower in the water. 
 
Both organisms with facultative pathogen properties, Aeromonas spp. and P. 
aeruginosa showed slightly elevated cell densities in the warmer months July and 
August, where the oxygen saturation in the lake peaked. The results indicate higher 
concentrations of the pathogens associated with plankton compared to the 
surrounding water. The carapace of zooplankton organisms is mostly made up of 
chitin. Therefore the question remains, whether pathogens can degrade the chtin and 
use it as carbon, nitrogen and energy source A. hydrophila, for instance employs 
extracellular chtinases and is able to degrade chtin. Although P. aeruginosa is also 
known to produce a chitinase, the organism is reported not to grow with chitin 
(Jagmann et al., 2010). The hypothesis is that this phenomenon explains the high 
abundance of Aeromonas spp. and the low frequency of P. aeruginosa abundance. 
 
4.1.1.4.3 Abundance of Legionella spp. and L. pneumophila  
Legionella spp., or L. pneumophila, the medically most important species among 
legionellae, were never detected in water as well as plankton samples with cultural 
methods during the sampling period. Culture-based detection frequently 
underestimates the true number of legionellae (Behets et al., 2007) and was reported 
repeatedly (e.g. Carvalho et al., 2007). Reasons might be that the culture media were 
not favourable and the organisms may have entered into the VBNC state due to 
environmental stress, such as starvation. Presumably legionellae suffered by 
competition with other microorganisms, that the plates were overgrown by other 
bacteria (e.g. Ng et al., 1997). 
  
 




4.1.1.5 Are P. aeruginosa, Legionella spp. and L. pneumophila occurring in a 
viable but nonculturable state in Lake Baldeney? 
The hypothesis is that a large proportion of the hygienically relevant microorganisms 
found in both lake water and plankton samples are viable but nonculturable.  
This assumption was confirmed using the culture-independent qPCR technique and 
the FISH method. P. aeruginosa was determined in very low concentrations, whereas 
Legionella spp. as well as L. pneumophila were never detected with cultural methods. 
With molecular methods the target organisms were found to be present at much 
higher quantities, and in virtually every sample, suggesting that both Legionella spp. 
and P. aeruginosa were present in significant concentrations throughout the sampling 
period. 
In comparison with FISH and qPCR results, cultivation provided a recovery of less 
than 0.1 %, detecting concentrations of P. aeruginosa with 106 cells/100 mL water by 
FISH and up to 104 GU/100 mL water by qPCR. The organism P. aeruginosa was 
determined in concentrations up to three or five log units higher than compared to 
cultural methods. The number of studies dealing with the quantification of P. 
aeruginosa in environmental aquatic samples using qPCR is low. Various qPCR 
assays have been developed for clinical (e.g. Qin et al., 2003) or wastewater-related 
applications (Schwartz et al., 2006; Volkmann et al., 2007), but no attempt has been 
made to quantify P. aeruginosa abundance in natural surface water or on plankton. 
The same applied for the FISH method. P. aeruginosa was found to show signs of 
metabolic acitivity such as presence of ribosomal RNA which was detected by the 
FISH method using the gene probe PSAE-16S-182. Since rRNA is known to remain 
stable for a long time after cell death, it is not an appropriate viability marker. Hence, 
FISH positive cells should not directly be regarded as VBNC cells (Tolker-Nielsen et 
al. 1997, Prescott et al.,1999). A FISH positive signal should critically be seen as, at 
most, a first sign of the possibility of VBNC. 
P. aeruginosa concentrations in the water showed significant seasonal differences. 
The highest concentrations were observed in the hottest months of the sampling 
period, in July and August. This is confirmed by observations of Pirnay et al. (2005) 
who found the microbial load in river water, including P. aeruginosa abundance, to 
peak during the warmest period of a year. Reasons for this increase are probably 
higher water temperatures and algal blooms, which both have been reported to 
support multiplication of P. aeruginosa (Hoadley, 1977).  
 




P. aeruginosa is known to produce a chtinase and a chitin-binding protein, but it was 
found not biodegrade chitin by Jagmann et al., 2010. Whereas A. hydrophila could 
grow with chitin, P. aeruginosa could not. In co-cultures of P. aeruginosa and A. 
hydrophila in association with chitin, Jagmann et al. (2010) observed oxidation of 
chtin by A. hydrophila with acetate as end-product. This supported the growth of P. 
aeruginosa which influenced A. hydrophila in parasitic way.  
Legionella spp. which was not detectable by culture based methods, where found in 
high amounts in water as well as plankton samples in Lake Baldeney by use of 
molecular methods. Culture-based detection frequently underestimates the true 
number of legionellae (Behets et al., 2007). In this case, underestimation might have 
occurred due to the following reasons: (i) the plates were rapidly overgrown by other 
microorganisms, a phenomenon observed regularly (e.g. Ng et al., 1997). Evaluation 
of these plates was impossible. (ii) preparation steps such as acidification of the 
samples in order to reduce this contamination or sample concentration by filtration 
probably have led to a decrease of Legionella viability of 50 % to 90 % (Boulanger & 
Edelstein, 1995; Levi et al., 2003). Furthermore, another explanation might be that no 
viable cells were present in the samples. 
Numerous studies concerning the detection of legionellae, have shown that qPCR is 
more sensitive than conventional cultures (Behets et al., 2007; Bonetta et al., 2010; 
Fiume et al., 2005; Palmer et al., 1995; Wellinghausen et al., 2001; Yaradou et al., 
2007). In the present study, concentrations of Legionella spp. in the water samples 
determined by qPCR averaged 4.0 x 104 GU/100 mL, whereas L. pneumophila could 
not be detected. These findings confirm previously reported concentrations of 
legionellae in surface waters detected by qPCR. Parthuisot et al. (2010) found 
Legionella spp. with 4.7 x 104 GU/100 mL for the majority of their samples along the 
Tech River in France. They were also not able to detect the most important species 
among Legionella spp. concerning human health, L. pneumophila. Similar Legionella 
spp. concentrations of 1.0 x 105 cells/100 mL were reported for rivers and open 
storage basins by Wullings & van der Kooij (2006) who used a semi-quantitative PCR 
method. Declerck et al. (2007) found Legionella spp. and L. pneumophila both to be 
present in natural aquatic environments (e.g. lakes, creeks) at concentrations of up to 
101 GU/100 mL. 
 




Carvalho et al. (2007) found Legionella spp. failed to grow on routine culture media, 
but detected DNA sequences with PCR which were homologous to the 16S 
ribosomal DNA gene of Legionella pneumophila and other Legionella species. 
Recently, qPCR has become a popular technique for the detection of legionellae in 
aqueous systems (Behets et al., 2007; Declerck, 2010). However, the studies dealing 
with qPCR have been mostly restricted to man-made systems like drinking water 
distribution systems or cooling towers (Behets et al., 2007; Bonetta et al., 2010; 
Chang et al., 2009; Joly et al., 2006; Levi et al., 2003; Wellinghausen et al., 2001; 
Wéry et al., 2008; Yáñez et al., 2005; Yaradou et al., 2007). Only few attempts have 
been carried out to use qPCR for the enumeration of legionellae in surface waters 
(Declerck et al., 2007; Parthuisot et al., 2010; Wullings & van der Kooij, 2006). 
The FISH method revealed high concentrations of Legionella spp. as well as L. 
pneumophila (~ 106 cells/100 mL), which indicates metabolical activity, however 
literature does not provide comparative studies. 
A seasonal pattern in Legionella concentrations resulting in a summer and autumn 
peak was reported elsewhere (Fliermans et al., 1981; Parthuisot et al., 2010; Wéry et 
al., 2008), but could not be confirmed in this study. In fact, concentrations appeared 
to decrease with increasing water temperature. This might indicate the presence of 
legionellae with a relatively low temperature optimum for growth. Concentrations of 
Legionella spp. in the plankton samples remained constant over time. A summer 
peak was observed in only one sample collected in August and therefore did not 
appear to be significant. 
In this study, the medically most important species among legionellae, L. 
pneumophila could be detected with FISH but never with qPCR. Parthuisot et al. 
(2010) were also not able to detect L. pneumophila with qPCR. The high amount of 
FISH positive L. pneumophila cells indicates that this species accounts for almost all 
of the FISH positive Legionella spp. cells. 
In contrast to cultivation, qPCR also detects viable but non-culturable (VBNC) cells, 
contributing to the observed discrepancy between culture and molecular methods 
(Signoretto et al., 2004). Entry to VBNC state is triggered by environmental stressors 
such as starvation or altered temperature and promotes survival of the cell in 
unfavourable conditions. Both Legionella spp. and P. aeruginosa are described to 
become VBNC (Dwidjosiswojo et al., 2010; Oliver, 2005). VBNC Legionella have 
 




been detected in natural waters (Delgado-Viscogliosi et al., 2005), and their presence 
is considered to greatly affect the magnitude of qPCR results (Bonetta et al., 2010). 
VBNC P. aeruginosa were assumed to be present in marine environments, but little is 
known about the abundance of VBNC cells in freshwater (Khan et al., 2007). Co-
detection of VBNC cells, however, can be important with respect to health risk 
assessment of contaminated water systems. The detection of these bacteria with 
PCR (Wellinghausen et al., 2001; Declerck et al., 2009; Felföldi et al., 2009) or FISH 
(Långmark et al., 2005; Lehtola et al., 2007) has been shown to be more efficient 
compared to culture-based methods.  
It is not known whether all bacteria detected by FISH using oligonucleotide probes 
which are targeted at intact rRNA are still viable. Ribosomal RNA can still remain 
stable, although the bacteria are already dead. This would lead to false-positive 
results.Therefore FISH-positive cells should not be seen as an evidence for VBNC 
cells, but rather as a hint for VBNC possibility (Tolker-Nielsen et al. 1997, Prescott et 
al.,1999). The possibility to detect false-negative results can arise from degradation 
of rRNA due to environmental stress which induces weak or absent fluorescent 
signals (Bjergbæk & Roslev, 2005; Lehtola et al., 2007). Based on the assumption 
that detection of rRNA with fluorescent oligonucleotide probes indicated viability, the 
low ratio of culturable cells to FISH-positive cells suggests that P. aeruginosa and 
Legionella spp. may occur in the VBNC state in freshwater environments, in the 
water column. These organisms are known to enter the VBNC state (Oliver 2010), 
but the determination of these organisms with the FISH method is not reported for 
surface waters in literature up to now.  
Even though qPCR might overestimate the true number of viable and culturable 
target organisms present in a sample, VBNC cells still may pose a potential health 
threat. Health significance of various pathogens in VBNC state has been 
demonstrated before (McFeters et al., 1986), proving them to regain virulence after 
resuscitation. The same applies to legionellae. In environmental water systems, they 
are able to resuscitate from VBNC state within ubiquitous amoebae (Steinert et al., 
1997; Oliver, 2005). Therefore, disregarding non-culturable cells in the detection of 
pathogenic bacteria may lead to an underestimation of health risk and thus to a false 
evaluation of water safety. Since qPCR also detects free DNA that may originate 
from dead, lysed cells or is released during horizontal gene transfer. It is possible that 
 




the true number of target genomes is overestimated, (Declerck et al., 2007; Ng et al., 
1997; Yanez et al., 2005). Therefore, quantitative results must be considered critically 
with respect to health risk evaluation (Bonetta et al., 2010). However, it remains 
unknown whether the proportion of DNA which was present in the samples as 
extracellular DNA was large enough to significantly bias quantification.  
 
4.1.1.5.1 Is the macrophyte Elodea nuttallii an appealing habitat for hygienically 
relevant bacteria? 
Investigations of bacterial abundance in association with the macrophyte Elodea 
nuttallii compared to the water phase occured in July, August and October in the year 
2009. Total cell counts were about 1012 cells/100 g dry weight and culturable HPC 
bacteria were detected with 1010 cfu/100 g dry weight. The distribution of total cells 
as well as HPC bacteria on macrophytes has not been reported yet. However 
Hempel et al. (2008) determined total cell concentrations with 109 cells/100 g dry 
mass on submerged macrophytes in Lake Constance. Compared to other aquatic 
surfaces, cell densities found on Elodea nuttallii are similar to those of sediments in a 
river (Balzer et al. 2010). Faecal indicator bacteria, total coliforms E. coli and 
enterococci abundencies were determined with 103 to 104 MPN/100 g dry weight and 
between 106 to 108 cfu/100 mL for the latter one. These concentrations are up to two 
log units higher compared to those found in sediments in the river Ruhr (Balzer et al., 
2010). E. coli and enterococci were reported to be associated with the macrophytic 
green alga Cladophora which harbored high densities (up to 108 cfu/100 g dry 
weight) in Lake Michigan (Byappanahalli et al., 2007; Olapade et al., 2006; Whitman 
et al., 2003, 2006). Determination of Aeromonas spp. yielded concentrations of 108 
cfu/100 g dry weight in Elodea samples. The human pathogen Campylobacter spp. 
was found associated with the macrophyte Elodea nuttallii quantitatively in one of 
three investigated samples. The species identified was C. jejuni. It is known as one of 
the most common human enteric pathogens among the thermotolerant 
campylobacters (Frost 2001). No information exists in literature about the association 
between Elodea nutallii with hygienically relevant bacteria. However, there is 
evidence for pathogens existing associated with macrophytes. Ishii et al. (2006) 
determined the pathogens Salmonella, Shigella and Campylobacter in samples of 
Cladophora in Lake Michigan. Furthermore associations with bacteria of the 
 




Cytophaga-Flavobacteria-Bacteriodetes group and alpha- and betaproteobacteria in 
freshwater and marine habitats are often reported (Eiler et al., 2004; Riemann et al., 
2000; Sapp et al., 2007). Although submerged macrophytes produces secondary 
metabolites, such as polyphenols, which may have antimicrobial activity, some 
bacteria seem not be influenced in their attachment to the plant and their survival 
when associated with the plant (Hempel et al., 2008; Scalbert, 1991).  
New in this study was the investigation of bacteria with hygiencal relevance in 
association with the macrophyte Elodea nuttallii.  The local density of general 
bacterial abundance as well as concentrations of pathogens living attached to Elodea 
nuttallii were four to six orders of magnitude higher than those in the water column. 
The hypothesis is that these organisms may overcome the polyphenol-based plant 
defences and are able to profit from the released inorganic and organic nutrients. 
One question  remains, how high is the amount of potentially pathogens occurring in 
a VBNC state when existing associated with the macrophyte, due to stress by 
antimicrobial metabolites? To evaluate the true amounts of pathogens associated 
with Eldoea nuttallii, the detection by molecular methods should be considered. 
 
4.1.1.5.2 Estimation and reliability of the results referred to plankton volume 
and wet weight 
Bacterial concentrations determined for plankton samples, which were referred to the 
wet weight of plankton mass, indicate accumulations of the potentially pathogens in 
comparison to the surrounding water. If the results of plankton are referred to the 
sampling volume from which the plankton organisms were collected, then the 
bacterial abundance on plankton represents only a small proportion in the whole 
aquatic environment. In August the incidence was different. The absolut 
concentrations of most of the pathogens were higher in association with plankton 
than in the free water. This might be in relation with the clear water state, where 
abundencies of zooplankton exceed those of phytoplankton due to grazing. These 
findings seem to indicate that there exists a stronger association of hygienically 
relevant microorganisms with zooplankton than with phytoplankton, due to less 
amounts of phytoplankton available. 
The important fact is that plankton as well as Elodea microhabitats often only account 
for a minor fraction of the total bacterial abundance in the surface water, although 
 




they represent dense local populations of hygienically relevant bacteria. It has to be 
considered that these accumulations on plankton can spatially increase the bacterial 
concentrations up to those of infectious doses and therefore pose a health concern 
for humans (Omar et al., 2002). 
However, as a drawback to this finding, it has to be acknowledged that comparisons 
of concentrations of bacteria free-living in the water column, of plankton-associated 
bacteria and macrophyte-associated bacteria (expressed per 100 mL of water; 100 g 
wet weight plankton and 100 g dry weight of Elodea nuttallii respectively) are 
restricted and, at best, estimates (Heidelberg et al., 2002).  
(i) this is due to the sampling method. Since the plankton was concentrated during 
sampling, the true distribution of the plankton within the original water column was 
lost, whereas sampled water was analysed undiluted. The relatively low weight of the 
sampled plankton biomass could not be estimated correctly, which is why quantitative 
results of the plankton samples lost precision during unit conversion from mL to g. 
However, normalizing bacterial concentrations in plankton to the sampled biomass 
was essential for theoretical considerations. Since this allowed a comparison of all 
plankton samples to a comparable reference value.  
(ii) the nature of the reference media (water and plankton) differs widely, which 
complicates weight-to-volume comparisons. The water content of the sampled 
plankton is unknown and also may differ between phyto- and zooplankton. Plankton 
must then be considered as a colonisable phase boundary of unknown surface area 
which includes not only the outer surface, but also the guts of, for instance, 
crustacean zooplankton (Carli et al., 1993). 
  
 




4.1.1.5.3 Associations of pathogens with plankton in freshwater environments 
In this study it was successful to demonstrate that there are strong associations of 
hygienically relevant bacteria with phyto- and zooplankton organisms, as well as with 
the macrophyte Elodea nuttallii. These findings were absolutely new for most of the 
bacterial species. 
Microbial diversity associated with plankton is partly species-specific to the 
zooplankton characteristics. Furthermore dependend on the environment, for 
instance to the ambient bacterial communities. Associations between bacterial 
communities and zooplankton, whether if they are permanent or transient can affect 
ecological and biogeochemical pathways in the water column (Grossart et al 2009). 
Colonization of plankton by bacteria seems to be a widespread phenomenon. There 
are different possibilities in the association of bacteria with plankton. The 
microorganisms can colonize and attach to  phytoplankton or zooplankton organisms 
by direct contact to its surface (Carman and Dobbs, 1997), or enter the gut of a 
zooplanktor by ingestion. In the case of ingestion, the host can release the organism 
by defecation of the gut flora into the environment (Tang, 2005). This leads to an 
active exchange of bacteria between plankton organisms and the surrounding water. 
The question is if they are released unharmed and active after gut passage or in a 
VBNC state. There is evidence that some bacteria survive the passage through the 
gut, whereas others are digested or biodegraded. Copepod-bacteria associations 
seem to occur regardless of the oligotrophic or eutrophic state of the surface water 
(Nagasawa, 1988). However in case of eutrophy, the abundance of plankton will 
dramatically enhance the association with pathogens and therefore the proliferation 








4.1.2 Daphnia magna as a habitat for hygienically relevant bacteria 
D. magna is known to be a well-established model organism and is used in biological 
research for ecotoxicology, ecology and evolution studies since the 18th century 
(Ebert, 2008; Lampert, 2011; Routtu et al., 2010; Schaffer 1755). The cladoceran is a 
key herbivors in many freshwater ecosystems and efficiently consumes heterotrophic 
bacteria (Brendelberger at al., 1991; De Mott 1986; Gophen & Geller, 1984). Daphnia 
sp. was found to be abundant in Lake Baldeney samples. To investigate the fate of 
Daphnia magna in association with the pathogens Pseudomonas aeruginosa, 
Aeromonas hydrophila and Enterococcus faecalis, toxicity experiments according to 
Le Codiac et al. (2012) were performed. 
The selected organisms of hygienical relevance were chosen, with the following 
reasons, since all of the three were found in association with plankton in Lake 
Baldeney:  
- P. aeruginosa was less abundant in lake water, but indicated a clear association to 
plankton. The organism is known to persist and proliferate in biofilms, for instance in 
drinking water systems. P. aeruginosa is assumed to be VBNC in association with 
plankton, as observed in Lake Baldeney. 
-  Aeromonas spp. was found to be the most abundant organism in Lake Baldeney, 
with respect to those which were included in this study. Preferencially it was found in 
association with plankton. 
- The organism E. faecalis has faecal origin and was found to be associated with 
plankton and occurring in a VBNC state by Signoretto et al. (2004; 2005). 
 
The experiment according to Le Codiac et al. (2012) was conducted to determine a 
concentration of the pathogens that seemed to be harmless to the health of D. 
magna. Since the zooplankton organism should survive the co-cultivation 
experiments with the pathogens over 48 h. 
The experiments with P. aeruginosa showed that with increasing bacterial 
concentration more rapid death of daphnids occurred. For A. hydrophila different 
results were obtained and the first zooplankton organisms died after 25 h. This was 
observed independent of the bacterial densities. With E. faecalis no toxic effects on 
D. magna were observed, no death occurred within 28 h. 
 




D. magna can be used to assess acute pathogenity of organisms relevant to human 
health, such as P. aeruginosa. The toxicity to D. magna might be caused by secretion 
of various toxic compounds by P. aeruginosa (e.g. rhamnolipids, elastase; Le Codiac 
et al., 2012). Some strains of Pseudomonas spp. are able to produce secondary 
metabolites that have the characteristic to inhibit or kill invertebrates, including 
Daphnia (Padmanabhan et al., 2005), or to inactivate other pathogens, like A. 
hydrophila (Jagmann et al., 2010). Tan et al. (1999) found P. aeruginosa 
accumulating in the intestine of nematodes and killing their hosts slowly by an 
infection-like process. D. magna incubated with a virulent strain of P. aeruginosa (PT 
894) died within 6 hours and with the wild-type virulent strain P. aeruginosa PAO1 
daphnids died over a period of 7 h in experiments of Le Codiac et al. (2012).  
Daphnia can be seen as a model organism to analyze associations with several 
bacterial environmental pathogens in a natural context and also mounting 
opportunistic infections in humans (Ebert, 2008; Le Codiac et al., 2012).  
Co-cultivation experiments were investigated with D. magna in association with the 
pathogens, P. aeruginosa, A. hydrophila and E. faecalis under defined conditions 
over a period of 48 h. The aim was the examination of the question whether the 
bacteria prefer the free-living state in the inoculation medium (1), if they are attached 
to the integument of the cladoceran (2), infiltrated and accumulated in the gut (3) or if 























Figure 4.2 Schematic overview of attachment sites for hygienically relevant organisms in a well of  
the co-cultivation system with D. magna. (1) Bacteria free-living in the medium, (2) Attachted to the 
carapace of D. magna, (3) infiltrated and located in the gut, (4) attachment to the polystyrene well. 
(Source of D. magna picture: http://www.stu.hochschule-reutlingen.de/images/stoffp3.gif) 
 
 




The distribution of the pathogenic organisms in the different compartments available 
in the batch culture were investigated and balances were calculated. 
Co-cultivation of P. aeruginosa with D. magna revealed determination of the 
opportunistic pathogen over the experimental period of 48 h. A shift in the distribution 
of P. aeruginosa from the free-living state in the inoculation medium in the beginning 
of the experiments to adhesion to the carapace with preference and to the surface of 
the well was observed. Culturability decreased in all compartments during 24 h and 
afterwards increased slightly, except in the well biofilm where it increased with 100 % 
after 48 h. By the use of FISH the concentrations of P. aeruginosa were up to two log 
units higher compared to cultivation. Associations between P. aeruginosa and D. 
magna were reported recently by Qi et al., (2009) in laboratory microcosms, whereas 
Huq et al., (1984) described the attachment of Pseudomonas sp. to crustacean 
zooplankton organisms to be weak. 
In the co-cultivation experiments with D. magna and A. hydrophila, the potential 
pathogen was detectable over 48 h, but culturability in all compartments decreased 
over time. The occurence of culturable bacteria attached to the well increased. A. 
hydrophila was found in concentrations attached to the carapace of the Daphnia and 
with less concentrations in the gut. The bacterial concentrations in all compartments 
determined with FISH were two to three orders of magnitude higher than with cultural 
methods. Dumontet et al. (1996) reported that V. cholerae and A. hydrophila able to 
colonize on live and dead copepods within short times, while E. coli, Pseudomonas 
spp. and two Vibrio species were not present, neither on live nor on dead copepods. 
These observations occurred in batch cultures with copepods collected from the Gulf 
of Naples (Italy). Aeromonas salmonicida is known to exhibit enhanced growth rates 
when co-cultured with the protozoan Tetrahymena pyriformis in batch cultures (King 
& Shotts, 1988). 
E. faecalis co-cultivated with D. magna could be detected in all compartments of the 
system over the experimental period. The organism was generally less culturable 
compared to the other two tested pathogens. The culturability decreased over time, 
except in the well biofilm, where the cells became a little more culturable within 48 h. 
In the association between D. magna and E. faecalis, the highest amount of 
Daphnia-associated organisms was found in the gut and lower percentages on the 
carapace, whereas the situation was the other way around for P. aeruginosa and A. 
hydrophila. Concentrations determined with FISH were up to three orders of 
 




magnitude higher compared to cultivation. In both lake and seawater E. faecalis was 
assumed to exist in the VBNC state, because with molecular methods the detection 
resulted in higher numbers than with the culure method (Signoretto et al., 2004). 
Mote et al. (2012) reported that the persistence of E. faecalis and E. casseliflavus 
was enhanced by the presence of plankton in microcosms. They suggest that 
plankton organisms may serve as a reservoir for growth and persistence of this 
faecal indicator. Zooplankton organisms may constitute an attractive environmental 
reservoir of enterococci. This should be disregarded in the detection and evaluation 
of microbiological quality of environmental samples (Signoretto et al., 2005).  
In the present study associations of pathogenic bacteria with the zooplankton 
organism D. magna in co-cultivation experiments could be clearly demonstrated. It 
was absolutely new to observe cladoceran-pathogen associations, in particular to 
differentiate between the amounts of surface-attached and gut-located bacteria. 
For P. aeruginosa and A. hydrophila the carapace of the daphnids were found to be 
the preferred attachment site (Table 4.8). The findings for E. faecalis were different, 
the organism was preferably located in the gut after 48 h. 
Table 4.8 Preferential associations and attachment sites of the tested organisms (P. aeruginosa, A. 
hydrophila, E. faecalis) in the co-cultivation system with D. magna (intensity of association: +++ high, 
++ medium, + low) 
Organism Carapace Gut Medium 
Polystyrene 
well 
P. aeruginosa +++ + + ++ 
A. hydrophila +++ + + ++ 
E. faecalis + +++ ++ + 
 
The highest culurability was determined in the biofim on the polystyrene well for P. 
aeruginosa and A. hydrophila. E. faecalis culturable cells were free living in the 
medium. Attachment of bacteria to nonwettable plastic surfaces, such as polystyrene, 
due to hydrophobic interactions has been described several times (e.g. Fletcher & 
Loeb, 1979; Rosenberg, 1981; McEldowny & Fletcher, 1986).  Adhesion to 
polystyrene is dependend on nutrient availability and physical stress (Capello & 
Guglielmino, 2006), which can be influenced due to the interaction between D. 
magna and the bacteria in the co-culture. The adhesion of the organisms to the 
 




polystyrene surface can be explained by (i) the low nutrient availability in the Daphnia 
medium, (ii) the stress induced by the presence of the daphnids, (iii) furthermore, in 
case of P. aeruginosa, it is known to be a primary colonizer in technical water 
systems and is able to develop biofilms. 
E. faecalis showed low adhesion capacities, since the organism is found less 
attached to the carapace as well as the polystyrene well. 
The quantities of investigated pathogens in co-culture with D. magna were higher 
with the FISH method than with cultural detection. With regard to the fact, that the 
detected rRNA could originate from already dead cells, due to the stability of rRNA.  
The results indicate that a fraction of the bacteria might occur in the VBNC state, 
particularly those associated with the D. magna. Associations between pathogens 
and plankton organisms, such as attachment to the surface of zooplankton 
organisms as well as accumulation inside the gut, can lead to transition of the 
bacteria into the VBNC state, or out of the VBNC state. Is it possible for the bacteria 
to return viable again? The question remains unknown and seems to be species 
specific. For E. faecalis the VBNC state was described as a surivial strategy that was 
induced by association with zooplankton in aquatic environments (Signoretto et al., 
2004). Resuscitation for L. pneumophila was reported inside of amoebae (Steinert et 
al., 1997). 
Daphnia are effective filter feeder and presumably show no selectivity between 
filtering small algae or large bacteria, but they are effective grazers of bacteria with 
typical clearance rates ranging from 0.1 – 2.8 ml/individual/hour (DeMott, 1982; 
Jürgens, 1994; Porter et al., 1983; Tóth et al., 2001). If it is assumed that one D. 
magna filters, at least, 0.1 mL per hour, the five daphnids in the microcosms will have 
filtered the amount of 10 mL inoculation medium already within 20 h. Therefore it is 
obvious that D. magna living associated to bacterial suspensions will ingest a certain 
amount of pathogens within 48 hours by the filtering process. It is known to take 
between three to 20 minutes for a particle ingested by a rotifer to move across the 
entire digestive tract (Wetzel, 2001), this is depending on the zooplankton species, 
due to their body size and on the environmental conditions, e.g. temperature. The 
question remains if a part of the ingested bacteria is digested in the gut, or if they are 
released unharmed after gut passage. Furthermore they can occur in a VBNC state 
after gut passage. 
 




Another possibility in the observation of associations between hygienically relevant 
microorganisms and plankton is the formation of bacterial biofilms on the surface of 
plankton. Motility and chemotactic behavior may allow auqutic bacteria to attach and 
detach from particles and organisms (Grossart, 2010). The formation of biofilms on 
zooplankton organisms seems controlled by the natural bacterial community of the 
plankton organism (Kirschner 2011). It is acknowledged that biotic surfaces may 
represent a nutrient source for certain microorganisms (Watnick & Kolter, 2000). The 
chitineous exoskeleton of marine crustacean zooplankton was shown to be 
potentially utilised by chitinase-producing bacteria such as Vibrio spp. in marine 
environments (Carli et al, 1993; Yu et al., 1991). Both P. aeruginosa and A. 
hydrophila are capable of excreting chitinase enzymes which might aid the organism 
in nutrient acquisition (DebRoy et al., 2006; Folders et al., 2001; Wang & Chang, 
1997). However, Jagmann et al. (2010) found A. hydrophila to grow with chitin, while 
P. aeruginosa did not. It is unknown whether growth of the organisms can be 
promoted by the degradation of chitin derived from living crustacean carapaces.  
Despite feeding on the plankton surface itself, the pathogens may thrive on other 
plankton-associated compounds.  
In the studies dealing with the association of pathogens and plankton organisms, 
different phenomenons are described. Some studies report enhancement of growth 
of hygienically relevant organisms in the presence of zooplankton. Kirschner et al. 
(2011) detected significant promotion of growth of V. cholera by addition of 
cladocerans to laboratory microcosms. Otherwise bacterial numbers of C. jejuni were 
found to be declining with up to 91 % in association with Daphnia carrinata, 
presumably they were killed during passage through the gut (Schallenberg et al. 
2005). The latter case, pathogen concentrations and hence the risk of contracting 
waterborne diseases could be reduced by food web biomanipulations. This could be 
accomplished by enhancing the densities of e.g. Daphnia in recreational water 
bodies and drinking water reservoirs, which graze effectively on pathogens and lead 








4.2 Conclusions  
As a main objective of this study, the association of hygienically relevant 
microorganisms with freshwater plankton was clearly demonstrated. All hygienically 
relevant bacteria considered in this study were found associated to plankton (except 
for Campylobacter spp.) and Elodea nuttallii as well as in the water of Lake Baldeney. 
Relationships between pathogenic bacteria and plankton have been acknowledged 
before, mainly in marine environments (e.g. Maugeri et al., 2004), but no information 
was hitherto available on whether plankton may represent a potential reservoir for 
these pathogens.  
Plankton organisms may provide large surfaces for attachment of bacteria. The 
calculated surface areas were enormous, especially in some seasons. In July 
zooplankton surfaces were about 45 cm2/L.The fact, that plankton-associated 
biofilms are a site for survival and multiplication of opportunistic pathogens (Maugeri 
et al., 2004), highlights that plankton must be considered as a potential reservoir and 
vector for pathogens (Lipp et al., 2002). Bacteria attached to plankton are transported 
within the water body (Carli et al., 1993) and can contaminate the surrounding water 
column by detaching from the plankton-associated biofilm (Watnick & Kolter, 2000). 
Bacteria associated with zooplankton organisms migrating through the water column 
cover long distances during their travels and expand their habitat (Grossart 2010; van 
der Gucht et al., 2007). Although plankton microhabitats may account for a minor 
fraction of the total bacterial biomass in aquatic environments, they represent dense 
local populations of bacteria. In terms of bacterial processes they seem to be more 
active and dynamic than the bulk water. The association of plankton with bacteria can 
spatially enhance bacterial concentration, increase the possibility for humans to be 
exposed to infectious doses and therefore pose a health concern (Omar et al. 2002). 
Free-living and particle-associated bacterial communities should not be perceived as 
separate entities, but rather as interacting assemblages. There is an active exchange 
of bacteria between plankton organisms and the surrounding water (Hansen & Bech, 
1996; Riemann & Winding, 2005). The bacteria actively attach to the phyto- or 
zooplankton surface, and furthermore zooplankton organisms have active 
mechanisms to remove the attachted bacteria, either by active emigration or 
predation by bacterivorous protozoans (Simon et al., 2002; Kiørboe et al., 2002, 
2003). 
 




All of the investigated organisms are known to possibly enter the VBNC state under 
stress influence. Hence, it has to be considered that the concentrations determined 
with cultural methods underestimate the real abundance. This has been proved for P. 
aeruginosa and L. pneumophila, determined with orders of magnitude higher 
concentrations by the use of qPCR and FISH in water and plankton samples. These 
results should be handled with care, due to the mentioned limitations of those 
methods, such as overestimation by extracellular DNA, or prolonged stability of rRNA 
after cell death.  
Co-cultivation experiments of Daphnia magna with selected hygienically relevant 
bacteria showed associations due to colonization of the zooplankton integument and 
of the gut. Culturablility decreased during the experimental period which 
accompanied the assumption of the bacteria entering the VBNC state, when 
associated to plankton. 
Since copepods are the main dietary constitutens of many marine carnivores, 
including fish, bacterial attachment to the zooplankton integument can contribute to 
the transfer of pathogens through the food chain (Dumontet et al., 1996).  
However, the association of pathogens to zooplankton organisms is preferentially 
compared to non-living particles. While a non-living particle contains a finite amount 
of organic substrates, zooplankton organisms supply bacteria continuously with 
organic substrates due to their own feeding processes.  
Another possibility is the ingestion of bacteria by zooplankton organisms. Therefore 
the loss mechanism would be defecation. The bacteria can be released together with 
the gut flora by defecation (Tang, 2005). The faecal pellets of zooplankton organisms 
are known to contain high concentrations of bacteria (Hansen et al., 2001; Tang et 
al., 2001). The question remains if bacteria replicate inside of plankton, remain viable 
and if they are released unharmed and active after gut passage or in a VBNC state. 
There is evidence that some bacteria survive the passage through the gut, whereas 
others are digested or biodegraded. Colonization of the egg sac of copepods was 
documented by Huq et al. (1983), where multiplication of the colonizing bacteria was 
observed. Attachment of pathogens to plankton is documented as a vectoring mode, 
whereas most studies deal with Vibrio cholerae (Cottingham et al., 2003; Huq et al., 
1983; Huq et al., 2005; Lipp et al., 2003). It is necessary to characterize the fate of 
pathogens digested by zooplankton. Bacteria found in contact with zooplankton or in 
 




particular in the digestive tract were protected from chlorination and remained viable 
inside the digestive tract (Levy et al., 1986).  
Zooplankton organisms as a habitat for pathogens might have advantages as well as 
disadvantages for both of the organisms. On the one hand the plankton organisms 
can benefit from bacterial metabolites, but on the other hand the zooplanktor can 
also be harmed by virulent species, as shown for P. aeruginosa in toxcity tests. The 
bacteria can benefit from metabolites excreted by plankton, or possibly degrade the 
chtinous carapace. If the bacteria are ingested by a zooplankton organism, they can 
be released viable and unharmed after gut passage, in a VBNC state or inactivated 
and dead. Resucitation from the VBNC state might be possible, when the bacteria 
are released after gut passage or by detachment of bacteria from the copepod. 
Plankton organisms are ubiquitous in surface waters and some species can 
proliferate in granular and biological filters of water treatment plants, can be released 
in the filter effluent and colonize the distribution system (Castaldelli et al., 2005; 
Matsumoto et al., 2002; Schreiber et al., 1997). Some waterborne pathogens are 
known to maintain viability in amoebae or nematodes, such as Legionella who 
replicates within amoebae and benefits from the protection against disinfectents and 
the transport through the distribution system (e.g. Steinert et al., 1997). Most studies 
about zooplankton characterize their grazing activity on various species in a microbial 
community or their impact on other planktonic organisms. These studies do not 
provide information about grazing of zooplankton organisms on waterborne 
pathogens (Bichai et al., 2008). Furthermore the role of zooplankton organisms in 
pathogen transmission through drinking water, especially that pathogens are 
internalized in higher organisms in raw water and might be restistant to disinfection 
processes remains poorly understood and is less reported in literature yet (Birchai et 
al., 2008). 
The incidence that phytoplankton might also act as a potential reservoir for 
pathogens was not investigated in this study. Although associations of hygienically 
relevant organisms with phytoplankton were observed in Lake Baldeney. Since algal 
exudates are known to be important nutrient sources for heterotrophic bacteria in 
aquatic environments, it has to be considered that there might be similar interactions 
than found with zooplankton. The cellular products of phytoplankton organisms can 
promote growth of pathogens, and there is potential for bacteria to persist and grow 
on these algae (Byappanahalli et al. 2003; Kaplan & Bott, 1989). 
 




Diatoms were found to be true microbial hotspots when they are colonized by 
bacteria (Simon et al., 2002). They bacteria can utilize the released organic 
compounds of the diatoms and therefore they can display generally higher growth 
rates than free-living bacteria (Simon, 1987). 
Znachor et al. (2012) reported several possibilities of interactions for bacteria living 
associated with diatoms (i) competition, bacteria compete with diatoms for inorganic 
nurients (Bratbak & Thingstad, 1985), (ii) commensalism, bacteria benfit from 
diatoms without harming them, (iii) parasitism, bacteria invade the host cell and 
produce metabolites which lead to cell lysis and death of the diatom (Park et al., 
2010), or the diatoms can inihibit growth of bacteria by production of antibiotic 
compunds (Lefalive & Ten-Hage, 2009), (iv)  mutualism, bacteria benefit from diatom 
exudates, whereas the diatoms profit from bacterial products (Pete et al., 2010; Croft 
et al., 2005; Droop, 2007).  
Generalization of the experimental results of this study should be done with care. 
Because the size, abundance and physiology of plankton organisms in lakes vary 
spatially and temporally, this might have effects on the ambient and attached bacteria 
(Grossart et al., 2010). In case of eutrophy of an aquatic environment, where large 
quantities of plankton organisms are available, the plankton-bacteria associations 
might be increased dramatically. The bacterial load and proliferation of potential 
human pathogens within the aquatic habitat would be enhanced drastically. This is of 
relevance considering human health in drinking water production and recreational 
use of the surface water. 
However, the results indicate that it is of concern to consider the issue of plankton 
organisms acting as vectors for human pathogens and the possibility that a single 
organism might carry an infectious dose through a drinking water distribution system. 
When considering health risks associated with pathogens being protected by 
zooplankton organisms in drinking water, there are three main objectives that have to 
be regarded (i) the source water, (ii) the effluent water, due to colonization of granular 
media filters by invertebrates, (iii) the water distribution system, since L. pneumophila 
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Sources of pictures used in Figure 1.1 
Phytoplankton, Daphnia magna and Elodea nuttallii: source: Miriam Tewes, Biofilm Centre, University 
of Duisburg-Essen 
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